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I. — Inthoduction. 

The  investigation*  of  the  structure,  composition  and  func- 
tions of  animal  and  vegetable  cells  which  have  been  made 
during  the  last  eighty  years  have  produced  a  body  of  know- 
ledge  which,  considered  from  all  points  of  view,  is  an  imprjsing 
science  and  one  that  gives  us  a  deep  insight  into  the  problems 
of  the  organic  world.  Its  achievements  in  the  way  of  widen- 
ing our  understanding  of  the  processes  of  nature  are  far 
beyond  what  the  workers  in  this  field  of  fifty  years  ago  dared 
to  imagine  as  possible,  and  the  result  to-day  is  a  worthy 
memorial  of  the  intense  enthusiasm  of  the  scientific  spirit 
which  has  been  so  extraordinary  a  factor  in  the  progress  of 
the  last  sixty  years. 

This  iKxiy  of  knowledge,  this  lore  of  the  organic  world, 
IS  still,  with  all  its  achievements,  an  unsymmetrically  develi)pcd 
science.  Though  all  the  interest  of  it  ultimately  lies  in  the 
problems  it  presents,  it  is  chiolly,  nay.  almost  whuily,  con- 
cerned  with  the  structural  or  morphological  side  of  living 
matter,  while  of  its  functional  phenomena  our  knowledge 
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ifl  only  of  thf  nimt  grnrral  kind.  The  rraxtn  (or  thU  U  not 
far  to  M>fk.  What  liitir  wc  knnw  of  the  funi'ionitl  sidr  of 
Ihf  living  cell,  m,  for  exampir,  of  crilular  aet-rrtion,  abworp- 
ciun  and  nuiriliim,  haa  only  lu  a  very  limiml  rxtrnt  Itrrn 
the  outcome  of  olwrrvationa  Hiret-tefl  to  that  end.  It  i* 
Indeed.  In  very  great  part,  the  renult  of  all  the  inferencea 
and  generaliatationa  drawn  from  the  data  of  mor(>holo|(iral 
mearrh.  I'he  fart  that  it  haa  liecn  to  ohiatneil  diM's  not 
make  it  the  leu  valuable  or  the  lesa  certain,  hut,  aimply  l)e- 
cauac  uf  its  aource  and  the  method  by  which  we  have  gained 
it,  it  ia  of  a  fragmentary  character  and,  accordingly,  leaa 
•atiafoctory  in  our  eatimation  than  if  it  were  an  achievement 
ol  direct  otiaervation. 

Thia  limitation  of  our  knowledge  haa  affected,  or,  to  ex- 
presa  it  more  explicitly,  haa  faahioned  our  concept  of  living 
matter.  When  wc  think  of  the  cell  It  ia  conceived  aa  a  mor- 
phological clement  almoat  excluaively.  The  functional  aspect 
la  not  indeed  ignored,  but  wc  know  little  alxiut  it,  and  we 
veil  our  ignorance  by  claaaing  its  manifestationa  aa  "vital 
phenomena". 

Progresa,  indeed,  there  haa  been  from  the  biochemical  aide 

in  the  laat  twenty  yein  and  more  particularly  in  the  last  ten. 

Wc  know  much  concerning  ferment  or  catalytic  action,  and 

we    have    gained    conaiderable    knowltilgc    concerning    the 

physical  and  chemical  properties  of  colloids.     Further,  we 

have  obtained  some  insight  into  the  constitution  of  proteins, 

and.  In  .onsequence,  wc  arc  in  a  position  to  undcTHtanil  a 

little  more  clearly,  though  not  fully,  what  happens  in  them 

when,  on  their  decomposition  in  the  cell,  they  produce  the 

waste   p.oducts,   urea   and   other  metabolites.      Moreover, 

fats  can  t  ■  formed  in  the  laboratory  from  glycerine  and  fatty 

acids,  a  li  rge  number  of  which  have  been  synthcsiztfl,  and 

•  very  large  majority  of  the  sugars  of  the  aldohexose  type 

have  been  built  up  from  simpler  compounds.     Results  like 

these  indicate  that  some  of  the  products  of  the  activity  of 

animal  and  vegetable  cells  may  be  paralleled  in  the  laboratory, 

bjt  that  is  as  far  as  the  resemblmce  extends.    The  methods 

of  the  laboratory  are  not  yet  those  of  nature.    In  the  formation 

of  carbohydrates  the  chlorophyll-holding  cell  makes  use  of 

processes  of  the  most  speedy  and  effective  character, hut 

nothing  of  thtsc  is  known  to  us  except  that  they  are  quite 

unlike  the  processes  which  the  laboratory  employs  in  the 
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•rtJfidal  •ynthr.i.  „f  cartKihyilmtni.  Snun  wi>rkt  unerr. 
infly.  unfaltcnngly.  »iih  m  amA/iriK  rconumy  of  niatrrial 
•nd  rnrrgy.  whilr  "our  lalK)rat»ry  ■ynthe«r»  arc  but  rouml- 
about  wayi  to  thr  •ink". 

In  conirquence,  it  it  cmtomary  to  rrgarU  living  matter 
»•  unlqur.  aa  a  thing  apart,  without  an  analogur  or  jwrallrl 
in  the  im.rganic  worUl.  and  the  .ecrrts  involved  in  it>  action, 
ami  activitiw  aa  intoiubtr  cnlgmaa.  Influenced  by  this  view 
there  are  thotc  who  pinitulate,  aa  an  explanation  for  all  theac 
manijeatationa.  the  intervention,  in  •o-callrtl  living  matter 
of  a  force  otherwiic  and  eliewhere  unknown,  biotic  or  vital' 
who*?  action  ii  directed,  according  to  the  character  of  the 
utructure  through  which  it  operatea.  to  the  prcKluction  of 
the  phenomena  in  qu.iition.  Living  matter  ia.  from  thia 
po  nt  of  vi.w.  but  a  maak  and  a  medium  for  action  of  the 
unknown  force. 

ThU  ia  the  old  doctrine  of  vitalism  of  the  wventeenth  and 
eighteenth  ccnturiea.  and  which  ttill  had  many  adhercnta  in 
the  firtt  half  of  the  nineteenth  century.  lu  rcaaacrtion  now 
in  certain  quarter,  in  the  .cientlfic  world  ia  due  to  reaction 
from  the  enthuaiaam  born  of  the  belief  that  the  application 
of  the  known  laws  of  phyiict  and  chemiatry  in  the  .tudy  of 
living  matter  would  explain  all  ita  mysterica.  From  twenty 
to  forty  year,  ago  hope*  were  high  that  the  aolution  of  these 
problems  would  result  from  a  more  profound  comprehension 
of  the  laws  of  the  physical  world.  Since  then  there  has  been 
an  extraordinary  increase  in  our  knowledge  of  the  structure 
and  of  the  prwlucts  of  the  activity  of  living  matter  without 
a  corresponding  increase  in  knowledge  of  the  processes  in- 
olved.  The  obscurity  still  involving  the  latter  appears  the 
^.)ore  pronounced  because  of  the  high  lights  thrown  on  the 
former.  Doubt,  and  even  despair,  has  taken  the  place  of 
hope  with  some,  and  the  action  of  an  unknown,  mysterious 
force  IS  invoked  to  explain  what  appears  to  them  to  be  an 
insoluble  enigma. 

The  persisk-nce  of  the  old  doctrine  of  vitalism  is,  there- 
fore, a  n-minder  that  our  knowledge  of  the  laws  of  matter, 
st-emmgly  comprehensive,  is  not  at  present  profound  enough 
to  enable  us  to  solve  all  the  problems  involved  in  the  vital 
phenomena.  One  cannot  but  admit,  also,  that  our  methods 
of  investigation  are  very  inadequate,  a  result  very  largely 
due  to  the  fact  that  there  has  been  a  lack  of  investigators 
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specially  trained  not  only  in  biology,  but  also  in  physics  and 
chemistry,  for  the  very  pur|K)se  of  attacking  intelligently 
these  problems.  The  biologists,  for  want  of  such  a  wide 
training,  '  .e  in  their  researches  emphasized  the  morpho- 
logical aspect  and  the  readily  observable  phenomena  of  living 
matter.  This  situation  has  in  recent  years  been  accentuated 
by  the  high  degree  of  specialism  which  certain  departments 
of  biology  have  developed.  The  physicist  and  chemist,  on 
the  other  hand,  knowing  generally  little  of  the  morphology 
of  the  cell  and  of  its  vital  manifestations,  have  been  unable 
to  apply  satisfactorily  the  principles  of  their  sciences  in  an 
explanation  of  the  vital  processes. 

It  must  also  be  admitted  that  in  some  signal  instances  in 
which  the  physicist  and  chemist  attempted  to  aid  in  the 
solution  of  biological  problems  the  result  has  not  been  quite 
satisfactory.    ^:speci.^Ily  has  this  been  the  result  in  the  case 
of  memljranes.     Arrhcnius'  theory  of  dissociation  and  van 
't  Hoff's  gas  theory  of  solutions  were  supported  by  such  an 
array  of  facts  from  the  side  of  physics  and  physical  chemistry 
that  there  appeared  to  be  no  question  whatever  regarding 
their  universal  validity,  and  their  application  in  the  study 
of  the  phenomena  of  osmosis  was  urged  with  acclaim  by 
physical  chemists  and  eagerly  welcomed   by  physiologists. 
The  theories  promised  at  first  to  explain  all  the  processes 
involved  in  diffusion  through  membranes,  but  the  final  result 
was  not  in  all  cases  what  was  expected.  In  illustration  of  this, 
one  instance  will  suffice.    The  osmotic  concentration  of  the 
blood  in  man  as  measured  by  the  depression  of  the  freezing 
point  ( A )  ranges  from  -  0.56  to  -  o.58°C.     The  concentration 
of  the  urine  indicated  in  the  same  way  is,  except  under  rare 
conditions,  always  greater  than  this,  and  its  value  usually 
ranges  between  - 1.50°  and  -3.00°  C,  that  is,  from  more  than 
two  to  hve  times  that  of  the  blood  plasma.     This  result  is  the 
very  opposite  of  that  which  should  be  expected  from  the 
application  of  the  theories  of  Arrhenius  and  van  't  Hoff. 

It  is,  therefore,  not  surprising  that  there  should  be  a  re- 
action amongst  physiologists  and  biologists,  in  some  cases 
mvolving  the  extreme  assumption  that  the  laws  of  physics 
and  chemistry  are  inadequate  to  explain  the  causation  of 
vital  phenomena.  The  assumption  is,  of  course,  not  justifi- 
able, for  It  postulates,  among  other  things,  that  we  fully  com- 
prehend now  all  the  laws  of  the  physical  world.    That  the 
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application  of  these  laws  has  hitherto  failed  to  explain  the 
causation  of  vital  phenomena  does  not  prove  that  tli<  y  are 
to  be  of  no  service  in  the  solution  of  the  problems  involved. 
A  more  comprehensive  examination  of  these  will,  it  is  reason- 
able to  believe,  lead  to  a  quite  different  result. 

The  cause  of  the  failure  lies  in  our  not  fully  applying  all 
the  principles  involved  in  the  theories  of  solution  and  the 
physics  of  fluids.  One  aspect  of  molecular  physics  was  em- 
phasized, while  others  of  prime  significance,  as  possible  lactors 
in  the  causation  of  the  phenomena,  were  ignored  or 
overlooked.  Among  these  latter  were  surface  tension,  the 
intrinsic  pressure  of  liquids,  viscosity,  and  the  thermodynamic 
relations  of  solutions,  f  ach  of  which  plays  a  part  in  the 
functional  manifestations  of  living  matter. 

How  far  each  of  these  ojK;rates  as  a  factor  in  these  manifesta- 
tions it  is  not  yet  safe  to  say.  To  attempt  to  estimate  the 
force  of  each  postulates  a  fuller  knowledge  of  the  scope  of 
the  operations  of  these  factors  than  we  possess.  We  are  un- 
able, as  I  shall  show  later,  to  determine  definitely  thr  intrinsic 
pressure  in  water,  to  say  nothing  of  the  physiological  fluids. 
The  thermodynamic  relations  of  physiological  fluids  and  of 
living  matter  constitute  an  almost  unknown  field  to  the 
physicist,  as  it  does  to  the  biologist.  Only  in  surface  tension 
are  we  in  a  position  to  ascertain  whether  there  may  be  accord 
between  theory  and  fact. 

The  time,  therefore,  appears  ripe  for  a  discussion  of  this 
principle  as  a  factor  in  the  manifestations  of  living  matter. 
Further,  my  own  observations  on  Microchemistry  have 
turned  my  attention  specially  to  it  during  the  last  eight 
years,  and,  as  a  consequence,  the  problems  involved  in  Micro- 
chemistry  have  acquired,  from  this  point  of  view,  a  special 
significance  which,  I  believe,  has  not  hitherto  been  discussed. 

This  explains  the  origin  of  the  present  contribution  on 
the  subject.  About  the  views  advanced  here  it  suffices  to  say 
that  they  are  offered  with  reserve.  It  is  possible  that  I  may 
have  fallen  into  error,  and  I  must,  therefore,  be  prepared  to 
recall  or  to  revise  some  of  the  views  which  I  have  advanced 
should  they  ultimately  be  found  wanting.  That,  I  reassure 
myself,  is  the  true  attitude  to  take.  It  is  a  far  cry  to  cer- 
tainty. As  Duclaux  has  aptly  put  it:  "la  science  s'avance 
parcequ'elle  n'est  sure  de  rien".  Thus  I  justify  the  attempt 
made  in  the  following  pages. 
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II.— Surface  Tension  in  Plre  Fluids  and  Solutions. 

The  forces  other  than  kinetic  that  are  concerned  in  th« 
equilibrium  of  pure  fluids  are  all  of  molecular  origin.    The 
molecules  are  drawn  to  one  another  by  a  force  which,  it  is 
postulated,  varies  inversely  as  the  fourth  power  of  the  dis- 
tance, and  it  is  effective  only  at  insensibly  minute  ranges 
This  attractive  force  tends,  when  the  molecules  come  within 
effective  range  of  each  other,  to  reduce  the  space  they  occupy 
to  the  absolute  minimum,  in  which  case  the  fluid  would 
become  a  dense  solid.    These  molecules  are  also  affected  by 
a  repulsive  force  arising  from  countless  collisions  due  to  the 
movement  of  the  molecules  amongst  one  another      This 
force  is.  unlike  the  attractive  one,  not  an  inherent  property 
of  the  molecules,  and  is  derived  from  without,  usually  through 
the  accession  of  the  energy  we  call  heat.    When  this  energy 
gives  a  high  velocity  to  the  molecules  the  fluid  expands-  the 
distance  between  the  molecules  is  so  increased  that  the  at- 
tractive force  is  reduced  to  infinitely  small  value,  and    in 
consequence,  the  matter  forming  the  fluid  is  converted  into 
the  gaseous  or  vapour  condition. 

In  a  fluid,  then,  the  molecules  are  still  so  near  each  other 
that  each  is  under  the  influence  of  the  attractive  forces  of  the 
immediately  adjacent  molecules.      By  heating  such  a  fluid 
in  a  closed  space  it  will  expand  as  a  whole,  till,  at  a  certain 
temperature,  the  critical  temperature,  it  reaches  a  condition 
the  critical  condition,  in  which  the  fluid  is  on  the  point  of 
transition  from  the  fluid  condition  to  the  vapour  condition. 
The  voliime  of  the  fluid  is  now  the  critical  volume,  and  in 
this  condition  each  molecule  is  just  so  far  apart  from  its 
immediate  neighbours  that  the  influence  of  the  attractive 
force  exerted  is  reduced  to  a  minimum,  in  consequence  of 
which  the  fluid  tends  to  pass  beyond  the  critical  condition 
and  become  vapour. 

The  ratio  of  the  critical  volume  to  the  normal  volume  is 
in  a  great  majority  of  fluids  very  difficult,  or  impossible,  to 
determine,  and  in  only  a  very  few  of  the  remainder  has  it 
been  directly  ascertained.   The  values  of  the  ratio  so  obtained 
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are  not  concordant,  as  the  results  are  affected  by  apparently 
large  experimental  errors.  The  theoretical  value  of  the  ratio 
has  been  developed  from  the  equation  of  van  der  Waals: 


(^  +  -fL)  (,_&).  i?r 


in  which  ft  is  4  times  the  volume  occupied  by  the  molecules 
and  36  the  critical  volume.  In  the  critical  volume,  if  the 
latter  were  divided  evenly  between  the  molecules,  each  of 
these  would  occupy  a  cubical  space  whose  volume  could 
not  exceed  12  times  the  volume  of  the  molecule  itself.  As, 
however,  the  molecules  are  not  spherical  the  space  they  occupy 

h  h 

would  be  more  than  — ,  probably  — ,  and,  in  consequence, 

the  critical  volume  would  be  9  times  the  attainable  minimum 
volume. 

From  this  it  follows  that  the  cubical  ^ace  allotted  to  each 
molecule  in  the  critical  volume  would  have  an  edge  V?" 
times  the  diameter  of  the  molecule,  that  is,  the  distance 
between  the  centres  of  two  immediate  adjacent  molecules 
would  not  exceed  5V9",  or  a  little  more  than  twice  the 
diameter  (5)  of  a  molecule.  From  this  it  follows 
that  the  diameter  of  the  sphere  of  molec- 
ular attraction  does  not  exceed  twice 
the  diameter  of  the  molecule.  The  distance 
between  the  centres  of  two  immediately  adjacent  molecules 
in  a  normal  fluid,  ordinarily,  would,  of  course,  be  much  less 
than  twice  the  molecular  diameter,  and  it  is  equal  to  that 
diameter  when  the  molecules  are  in  contact.* 

The  diameter  of  the  molecules  varies.  According  to  Kelvin 
(6i),  the  diameter  of  a  molecule  of  hydrogen  - 1.81  X  io'*cm., 
that  of  one  of  carbon  dioxide  =  2.99  x  io"*cm.  In  this  case 
the  diameter  of  the  sphere  of  molecular  attraction  would 
with  hydrogen  be  at  most  3.6  x  I0'*cm.,  and  with  carbon 
dioxide  6xio"'cm.  Jager  (54)  calculated  the  diameter  of  a 
molecule  of  chloroform  to  be  about  8  x  10"' cm.  The  maxi- 
mum distance,  therefore,  through  which  the  molecular 
attraction  would  be  effective  would  be  16  X 10"' cm.  Accord- 
ing to  Drude  (25),  the  thickness  of  the  "black  spot"  in  a 

*  On  the  subject  of  the  critical  volume,  the  distance  of  the  moleculea  from 
one  another,  and  on  the  attractive  force  between  them,  vide  Boynton,  Appli- 
cations of  the  Kinetic  Theory  to  Gases,  Vapors,  Pure  Liquids  and  the  Theory  of 
Solutions,  New  York,  15)04 !  Jeans,  The  Dynamical  Theory  of  Gases,  Cambridge, 
1904;  Chwolaon,  Trait«  de  Physique,  Paris,  1911,  Tome  III,,  Chap.  xui. 
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glycermc  soap  film  .s  iZXio'cm.,  but  the  thickness  of  the 
black  apot     in  a  soap  film  made  with  sodium  oleate  ha, 
acTordmg  to   Johonott  (60),  a  minimum  of  6.2  x  lo'cm' 
As  th.H  n.mminm  is  supposed  to  be  at  least  twice  the  diameter 
of  the  „,olecuIes  in  the  film  t!u  range  of  molecular  aUraTtion 
cannot  exceed  6.  x  .oVm..  that  is.  the  diameter  of     h! 
sphere  of  molecular  attraction  is  more  than  ten  times  that  of 
carbon  dioxide  and  somewhat  less  than  that  of  chlorofo  m 
The  diameter  of  the  molecules  of  water  vapour,  as  calcu' 
ated  from  the  oscillation  experiments  of  KundVand  VVarbZ 
63).  .3  3.39XIO-*  cm.*    This  would  make  the  diarneter  3 
the   sphere  of   molecular   attraction    7.78  x  lo'cnT       Bv 
employing  a  new  method  devised  by  himself.  Carver  (40^ 
has  recently  calculated  that  the  molecular  ra^ge  Jac  fon 
of  water  is  2.92x10"  cm.  acuon 

The  attraction  between  the  molecules  is  the  factor  which 
produces  ,n  the  interior  of  the  fluid  what  is  known  a  Tntrinsk 
pr^sure.  and  on  the  surface  what  is  called  surface  tens  on 

The  pressure  due  to  the  action  of  molecular  attraction 
between  the  molecules  in  the  interior  of  the  fluid  is  at  he 
lowest  estimate,  an  enormous  one.  This  oressure  fs  h! 
value  /t  of  Laplace,  represented  by  the  integral 


a*- 


jds^it) 


and    the    term  ±  in    the    equation   of    van    der  Waals. 

Voung  (115)  estimated  it  in  water  to  be  equivalent  to  2^  000 

atmospheres,    and    Dupr6   (26).    determining    it    f  om  ^ 

mechanical  equivalent  of  the  latent  heat  of  steam   placed 

he  Ll^'°^  atmospheres,  while  van  der  Waals  (ni)  gTv2 

Gar^e  L'?  Ti!"/  ^^""'"  ^°'5«>  ^nd  10.700  atLspheres 
oar^er  (40).  however,  estimates  the  intrinsic  pressure  in 
water  to  be  1.236  atmospheres.  pressure  in 

The  occurrence  of  this  enormous  pressure  is  difficult  tn 
conceive  but  of  its  existence  there  can  be  no  doubt  Th^ 
impossibility  of  estimating  it  exactly  is  due  Jo  the  fact  tiat 
we  have  no  means  of  determining  directly  the  pre  Lre  cxe  fed 
by  the  molecules  on  each  other.  All  our  values  of  oressire 
-asubstance  are  obtained  by  finding  whatTLrtsTa"™ 

•  Vide  Jeans.  The  Dynamical  Theory  of  Case.,  1904.  p.  25,. 
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an  rxtcrnal  substance,  whereas  we  cannot  take  a  single 
molecule  and  ascertain  what  pressure  the  molecules  sur- 
rounding it  exercise  upon  it. 

On  the  surface  of  the  fluid  the  molecular  attraction  mani- 
fests itself  as  surface  tension.  In  the  interior, 
within  a  certain  distance  of  the  surface,  each  molecule  is 
aflfectcd  in  all  directions  equally  by  the  molecular  forces 
exertetl  by  the  surrounding  molecules.  The  molecules  of 
the  superficial  layer,  on  the  other  hand,  providing  they  are 
not  in  contact  with  the  molecules  of  a  gas  or  of  another  fluid 
or  of  a  solid,  are  affected  only  by  their  own  forces  and  by 
those  of  the  molecules  below  them.  The  attractive  force 
they  would  exert  externally  is  unengaged,  that  is,  a  c  e  r  - 
tain  amount  of  their  energy  is  free,  or 
in  the  potential  condition.  7 he  amount  of 
this  free  energy  may  be  diminished  by  putting  the  superficial 
molecules  in  contact  with  those  of  a  solid  or  of  another 
fluid,  and  't  is  slightly  diminished  even  by  the  molecules  of 
the  air  or  any  other  gas. 

The  superficial  molecular  layer  thus 
forms  an  elastic  membrane,  the  elastic 
character  of  which  is  due  to  the  molec- 
ular forces  between  its  molecules  tend- 
ing ever  to  bring  them  closer  together, 
and  yet  at  times  subject  to  forces  which 
may  drive  or  draw  them  so  far  apart  that 
their  mutual  attraction  is  ineffective 
and    the    elastic   character   disappears. 

The  attractive  force  between  the  molecules  of  the  super- 
ficial layer  would  seem,  from  the  correction  term -2-  in  van 

der  Waals'  equation,  to  vary  inversely  as  the  fourth  power 
of  the  distance  between  them,  and,  consequently,  as  the 
molecules  in  the  superficial  layer  are  not  as  near  one  another 
as  are  those  which  lie  deeper,  the  measure  of  the  attractive 
force  constituting  the  surface  tension  cannot  be  used  as  a 
factor  in  determining  the  intrinsic  pressure. 

Whatever,  therefore,  increases  the  distance  between  the 
molecules  lessens  not  only  the  intrinsic  pressure  but  also  the 
surface  tension,  and,  conversely,  whatever  decreases  the 
distance  increases  the  intrinsic  pressure  and  the  surface 
tension. 


h 

ii 


»1  ,l  »I 


13 


MaCALLUM:  SUIFACI  TlKMOK  AND  VhaL   PltNOIdNA. 


If  the  temperature  of  a  fluid  system  is  raised  or  lowered 
the  kinetic  energy  of  the  molecules  is  increased  or  diminished, 
and  thus  the  distance  between  the  molecules  is  increast-d  or 
dimmished.  An  mcrease  of  the  distance  involves  a  decrease 
of  surface  tension,  a  decrease  of  the  distance  an  increase  of 
the  surface  tension.  For  the  same  reason  the  intrinsic  pres- 
Mire  would  be  correspondingly  altered. 

It    is    possible,    however,    to    affect    the 
attraction  between  the  superficial   mole- 
cules    without     affecting     the     intrinsic 
pressure.     This  can   be  done  by  diminishing 
or    increasing    the    electrical    charge    on 
the  8  u  r  f  a  c  e  of  a  f  I  u  i  d  s  y  s  t  e  m  .      That  electrical 
charge  is  disposed  in  the  form  of  two  layers,  one  of  which  is 
situated   m  the  most  superficial   molecules  of  the  system 
(e.g..  a  drop  of  mercury),  the  other  in  the  immediate  external 
layer  of  molecules  of  the  surrounding  medium   (e^     air 
water,  oil.  etc.)       The  charges  in  these  two  layers' are  of 
op,x,s,te  sign,      n  the  case  of  the  drop  of  mercury  the  charge 
of  the  superficial  molecules  is  positive  and  the  other  negative 
but  in  other  fluid  systems  and  with  external  media  th?op^: 
site  relation  of  the  layers  may  obtain.     These  conditions 
Illustrate  the  electrical  double  layer  phenomena  postulated 
fV      i;'PP'"'»""-H'^'"'holtz  Theory  of  surface  electrifica- 
tion.      Nnw     in  every  surface  endowed  with 
8uch  electrical  double  layer  the  elec- 

tro s  t  at  i  c  fo  re  e  tends  ever  to  an  exten- 
s.on  of  the  area  of  the  surface,  that  is 
p  reduce  the  value  of  the  surface  t  e  n -' 
It.y.  •  ,  '■^^?0"  for  this  is  that  the 
electrical  particles  of  the  same  sign,  on 
or  in  the  m  o  1  ec  u  1  e  s  .  t  e  n  d  to  repel  ^ne 
another,  and  this  mutual  repulsion  op! 
cults'  ;?'^thi'''''^^'r^-°'-^^'^^*^-"-°'- 
riA    .^  u    «"Pe'-f»cial    layer   which    car- 

ries the  charge.  If,  now,  at  any  point  on  the 
suriace  the  originally  present  charge  is  increased  through 
polarising  forces,  the  repulsive  effect  of  the  charge  is  increased 

cules'td  T'^^  '"  ''""^"  ^^  ^'^^^"^^  between  1/^0  e: 
cules  and.   in  consequence,   a  decrease  of  surface   tension 

way^:«uhrr:n°'  '''  ^'T  ^°"^^^  ^^"*  •"" '^e  "- 
way  results  in  an  increase  of  surface  tension.     The  latter, 
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however,  doe^  not,  at  its  maximum,  exceed  that  which  the 
superficial  layer  of  molecules  would  have  in  the  complete 
absence  of  any  charge  or  double  layer. 

Any  charge,  therefore,  whether  positive  or  negative,  that 
the  molecules  of  a  superficial  layer  of  a  fluid  system  may 
have  will  diminish  the  attractive  force  between  the  indi- 
vidual molecules,  and  thus  the  surface  tension  in  such  a 
system  is  always  less  than  that  in  a  system  in  which  no 
charge  or  double  layer  obtains. 

The  surface  tension  can  be  affected  in  a  fluid  system  by 
its  solutes.  These,  with  exceptions,  raise  or  lower  surface 
tension.  As  a  rule,  the  inorganic  solutes 
raiseit  while  the  organic  lower  it.  but 
not  in  proportion  to  concentration. 
Thus,  in  a  solution  of  sodium  chloride  in  water  at  i8°  C.  and 

at   -ajj-  gram  molecular  concentration  the  surface  tension  is 

75-3  dynes,  but  in  6.96  gram  molecular  concentration  it  is 
85.04  (Gradenwitz,  43,  and  Volkmann,  no),  while  in  a  solu- 
tion of  butyric  acid  in  water  at  zs'C.  and  at  -^  concentration 

the  surface  tension  is  74.2  dynes,  and  at  2.834  gram  molec- 
ular concentration  it  is  29.4  (Drucker,  24,  and  Freundlich, 
36).  The  presence  of  organic  substances  in  weak  concen- 
tration in  water  thus  greatly  lessens  surface  tension,  while  a 
weak  concentration  of  an  inorganic  substance,  or  even  a 
great  concentration,  if  it  increases  surface  tension,  only  docF 
so  slightly. 

The  explanation  for  the  capacity  on  the  part  of  a  solute 
to  increase  or  decrease  surface  tension  is  not  fully  under- 
stood. To  say  that  the  solute  increases  or  decreases  the 
attraction  between  the  molecules  of  the  solvent  is  only 
another  way  of  stating  the  fact  without  explaining  it.  It  is 
to  be  noted,  however,  that  those  substances  which  in  a  fluid 
state  have  themselves  a  surface  tension  lower  than  that  of 
their  solvent  (e.g.,  water),  when  dissolved  in  it  lower  its 
surface  tension.  Thus,  liquid  hydrochloric  acid,  liquid 
hydrobromic  acid,  liquid  ammonia,  and  the  organic 
fluids,  benzol,  methyl  alcohol,  ethyl  alcohol,  ether,  chloro- 
form, glycerol,  acetone,  pyridin,  anilin,  phenol  and  the 
organic  acids,  have  of  themselves  a  low  surface  tension  and. 
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when  dissolved  in  water,  derreaw  its  tension,  while  the  in- 
organic salts  and  the  fixed  alkalies  which  possess,  when  fused. 
a  surface  tension  liiRher  than  that  of  water,  and  such  an  acid 
as  sulphuric,  w  hich  also  has  a  surface  tension  higher  than  that 
of    water,    have-    the   op|K)site  eflFect  on  water  on  solution 
in  it.     Compounds  formed   between   those  that  lower  and 
those  that  raise  the  surface  tension  of  water  cKcupy  an  inter- 
mediate  position.      The  organic  acids,   anfl   especially   the 
lower  fatty  acids  and  the  oxyacids,  have  a  marked  effect  in 
lowering  the  surface  tension,  but  when  they  are  combined 
with  an  inorganic  base  they  only  slightly  affect  the  surface 
tension   of  water,   mostly  in   the  direction  of  lowering   it. 
Acetic  acid  in  a  i  per  cent,  concentration  lowers  the  surface 
tension  of  water  from  75  dynes  to  63  (Traube,  108),  while 
sodium  acetate  in  the  same  concentration  docs  not  at  all 
decrease   the  surface   tension  of  the  solution   (Forch,   35). 
This  is  quite  as  marked  in  the  case  of  butyric  acid,  which  in 
a  I  per  cent,  solution  lowers  the  surface  tension  of  water 
from  75  dynes  to  34.9  (Traube,   108),  but  a  0.9  per  cent, 
aqueous  solution  of  sodium  butyrate  has  a  surface  tension 
of  70  dynes  (p-orch,  35). 

The  solutes  that  alter  the  surface  tension  of  the  solvent 
must  affect  the  intrinsic  pressure  in  the  same.    This  would 
follow  from  the  fact  that  a  diminution  or  an  increase  of  sur- 
face tension  is  fundamentally  a  decrease  or  an  increase  of 
molecular  attraction.     Therefore,  when   a  solute  raises  or 
lowers  surface  tension  it  raises  or  lowers  the  intrinsic  pressure, 
not,  however,  in  the  same  proportion  as  it  affects  surface 
tension.     On  the  other  hand,  for  pure  fluids  the  surface 
tension  is  an  indication  of  the  intrinsic  pressure.     If,  for 
example,  we  knew  the  surface  tension  of  two  different  pure 
fluids  at  a  certain  temperature  and  the  intrinsic  pressure  of 
one  of  them,  we  might  determine  approximately  the  surface 
tension  of  the  other.     As  already  pointed  out,  however,  in 
no  case  have  we  as  yet  determined  even  approximately  the 
intrinsic  pressure. 

The  effects  exercised  by  the  solutes  on  sutface  tension  and 
mtrinsic  pressure  cannot  be  proportional.  If  they  were, 
then  the  solutes  would  be  uniformly  distributed  throughout 
a  fluid  systim.  Now,  in  a  fluid  drop  surrounded  by  air  a 
solute  that  lowers  the  surface  tension  is  more  concentrated 
in  the  surface  layer  than  elsewhere  in  the  drop,  while  a  solute 
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that  raises  the  surface  tension  ia  least  concentrated  in  the 
surface  layer  of  the  system.  This  distribution  of 
a  solute  in  a  fluid,  whether  it  lowers  or 
raises  surface  tension,  is  due  to  the 
action  of  a  principle  or  law  which  may 
be  expressed  in  words  to  the  effect  that 
the  concentration  throughout  a  fluid 
system  tends  to  be  so  adjusted  as  to  reduce 
the  energy  at  every  and  any  point  in  it 
toa  minimum.  The  inequality  in  distribution  of  the 
solute  indicates  very  clearly  that  the  surface  energy  and  in- 
trinsic pressure  are  unequally  affected  by  the  solute,  and,  in 
consequence,  the  solute  is  concentrated  where  the  energy 
of  the  pure  solvent  has  been  diminished,  with  the  result  that 
the  energy  per  unit  volume  tends  to  be  the  same  as  elsewhere 
in  the  system. 

The  first  to  call  attention  to  this  phenomenon  was  J. 
Willard  Gibbs  (42),  but  in  a  form  of  statement  whose  signifi- 
cance was  only  later  fully  apprehended.*  Eight  years  later, 
that  is,  in  1886,  J.J.  Thomson  (102)  independently  discovered 
the  principle  involved,  and  in  publisning  his  discovery  in  the 
following  two  years  gave  it  concrete  expression  and  added 
illustrations  of  its  action.  In  consequence  of  these  two 
sources  of  our  knowledge  of  it,  it  is  known  as  the  Gibbs- 
Thomwjn  principle,  and  it  will  be  referred  to  hereafter  in 
this  contribution  under  that  term. 

Gibbs  formulated  the  factors  which  would  enable  the  con- 
centration of  the  solute  at  the  surface  of  a  fluid  system  to 
be  determined.  These  have  been  evaluated  on  the  basis  of 
the  gaa  law,  P-RTC,  and  the  formula 

r^    _c_    dv_ 

" rt'  dC 

has  been  obtained  which  permits  us  to  calculate  from  ascer- 
tainable data  what  the  concentration  at  the  surface  of  a 
fluid  system  may  be.  In  this  formula  P  is  the  weight  of  the 
solute  positively  or  negatively  absorbed  percm.'  of  the  sur- 
face in  excess  of  that  which  would  have  been  at  the  surface 
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in  the  abwnre  of  any  adtorptiun;  C.  the  ronrentration  of  thr 
•olun-  in  the  Huid;  »,  ihr  •urfacr  trnaion  in  dynes;  R,  the 
gM  conatant 

(a  X  4.1  X  10'  erg*       \ 
muievular  weight  of  aolute/' 
and  r-thc  atuutlute  temperature. 

Forch  (,15)  wa«  the  first  to  provide  data  for  the  calculation 
of  the  conrcntration  of  an  inorKanic  iolutc  in  the  surface 
layer  of  a  fluid  lyatem.    In  n  normal  solution  of  sodium  chlo- 
ride the  diminution  of  the  salt  in  the  surface  layer  was  esti- 
mated to  l)c  0.024  mgm.  per  square  metre.     In  the  case  of 
acetic  acid  which  lowers  the  surface  tension  of  water,  and 
some  of  which,   therefore,   must    be   concentrated   at    the 
surface  of  the  system,  Whatmough  (iia)  obtained  results 
with  a  normal  solution  by  which  it  was  estimated  that  the 
excess  of  concentration  of  the  acetic  acid  at  the  surface  was 
o.a  mgrm.  per  square  metre,  or  nearly  ten  times  the  deficit 
in  normal  salt  solutions,  and  that  this  concentration  at  the 
surface  alters  by  lcsi>  than  15  per  cent.,  even  when  the  con- 
centration throughout  the  system  was  increased  eightfold. 
Milner  (85),  driving  air  through  a  sodium  oleate  solution  and 
collecting  the  foam  formed,  found  that  for  solutions  averaging 
0.00304  gnn-  tnol.  per  litre  the  concentration  in  the  foam 
gave   values   from  which   he  estimated  that    the    surface 
concentration  of  the  sodium  oleate  was  0.4  mgm.  per  square 
metre  in  excess  over  that  of  the  fluid  generally.    On  the  other 
hand,  by  using  the  data  obtained  by  Reinold  and  ROcker 
(92)  from  the  conductivity  of  films  made  from  a  solution  of 
I  part  of  sodium  oleate  in  60  of  water,  Milner  calculated  that 
the  surface  excess  would  be  2.4  mgm.  per  square  metre. 

These  values  are  all  very  small,  and  were  they  the  only 
ones  accessible,  surface  concentration  as  a  result  of  surface 
tension  would,  except  for  certain  problems  of  very  limited 
intertsl,  be  negligible.  There  arc  other  experimentally 
obtained  values  which  put  the  surface  concentration  in  quite 
another  light,  and  which  must  now  be  referred  to. 

Miss  C.  C.  Benson  (5),  using  an  aqueous  solution  of  amyl 
alcohol,  in  which  the  surface  tension  falls  very  rapidly  with 
the  increase  of  the  concentration  of  the  solute,  and  which 
also  develops  foam  very  easily,  collected  the  latter  and  de- 
termined the  concentration  in  it  of  amyl  alcohol.  This 
amounted  to  0.0394  molar  value,  while  in  the  original  solution 
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it  WM  0.0.175.  Thrrr  w»n  thii*  «n  inrrraie  of  at  least 
5  prr  rent,  in  the  r»»m'etitra«i'>M  at  thr  mirfair,  Thi«  mrihcxl 
of  (Irtrrminaiion  left  out  of  arrount  the  fart  that  in  »urh 
Roliition  »yiitrm  ihi*  l<)Wf«t  aurfAir  trrtiiion  wa»  not  jt  the 
air-M>lution  itirfare  hut  at  the  glann-watir  Mirface.  and. 
conM-quently,  the  ronccniration  at  the  air-»ohitinn  interface 
would  \ic  le«it  than  it  woulil  Iw  if  ihe  rtuid  »y«t«ni  were  wholly 
tummndrd  by  air.  Kurthtr,  thi«  fdnw  forniinK  the  foam  do 
ni>t  roniiitt  wholly  of  the  iluid  of  the  »U(Tr»«iv.'  adworption 
layers,  and.  thcrefori',  the  aM-eriaincti  lurfare  concentration 
mutt  be  lesii  than  the  actual. 

The  prol)l«'m  has  more  recently  been  <lealt  with  in  new  and 
ingenious  methtxls  by  M.  C.  M.  l>ewi»  (65,  66,  67),  and  the 
results  obtained  are  of  surpas»in|{  interest,  not  only  on  the 
chemical  and  physical  tides  but  al»<  and  more  particularly, 
on  the  physiological.  On  accoun'  A  this  8{Nxiat  interest  a 
detailed  etatetnent  of  the  method  and  the  results  is  in  place 
here. 

The  surface  of  condensation  in  which  he  estimated  the 
concentration  of  the  solutes  was  the  interfacial  surface  be- 
tween a  hydrocarbon  oil  and  an  aqueous  solution,  or  between 
mercury  and  such  a  solution.  The  hydrocarbon  oil  or  the 
mercury  was  in  the  form  of  droplets  or  spherules,  each  in 
contact  on  all  its  superficial  area  with  the  aqueous  solution, 
and  on  their  surfaces  the  concentration  of  the  adsorbed 
solute  was  experimentally  ascertained  and  compared  with 
the  value  determined  from  the  equation 

C_     d^ 
RT'  dC 

The  hydrocarbon  oil  aa  well  as  the  mercury  was  employed 
because  they  do  not  abaorb  or  take  up  in  themselves  any 
trace  of  any  one  of  the  solutes  in  the  solution  bathing  the 
surface^  of  the  droplets. 

In  the  case  of  the  hydrocarbon  oil  it  was  employed  in  two 
ways — as  an  emulsion  with  the  aqueous  solution,  or  it  was 
allowed  to  ascend  as  droplets  through  a  tall  column  of  the 
solution.  In  the  first  case  a  certain  quantity  of  the  oil, 
mixed  with  a  known  quantity  of  the  aqueous  solution,  was 
agitated  in  a  shaker  for  some  hours.  The  result  was  an 
emulsion  in  which  the  droplets  or  spherules  were  all  of  nearly 
unifr  i-m  diameter  which  was  measured  under  the  microscope. 
From  this  the  average  volume  of  each,  as  well  aa  its  surface, 
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WM  drtrrminwi.  «ml.  knowing  the  luul  volume  of  oil  pmrnt 
thr  total  numlwr  al  ciroplrta  wm  a«rrt«lnrd.  The  unitrd 
•urfrt.  r.  of  all  c.H.I<l.  .crofdlngly.  I*  fuund.  The  quantity  of 
the  Kitule  in  th*  cmuWon.  apart  from  thr  Intcrfaual  turfacr. 
wa.  .mrrtalnrtl  by  an  adaptation  of  the  drf.i.pipett*  or 
•talaKniomriri.  mcthi«l,«  Ihc  difference  l«-tween  the  two 
concrnlraiitm.  thu.  known  waa  altrilmied  to  adiorptl^m  on 
the  unitrd  .ui),  rfuial  areai  of  all  the  droplrtn.  and  thereby 
the  coiicentratlon  .m  each  cm.'  of  Jnterfatial  area  wm 
determined. 

In  the  tecond  methc^l  the  hyilr.Hrarf)on  oil  waa  allc»wed  to 
Mcend  through  a  long  rolumn  t.f  »«,luti()n  in  a  tall  rylinder 
whtch  termmated  aUm-  by  a  minute  tap  in  another  ,hort.' 

•olution.    The  oil  dro,,.  could  freely  oacend  through  ihi»  tap 

•nd  through  the  •usi.rnatant  fluid  to  it.  surface,  but  a  free 

l»ckn..w  of  thi.  fiuul  into  the  cylinder  wa.  minimiied.     In 

hu  apparatu.  the  volume  of  oil  uu^  wa.  accurately  known. 

the  drr,plet.  I^,rmed  from  it  paual  .lowly  up  through  the 

column  of  fluid,  and  their  number  wa.  e.tin  ,ted  ftSm  an 

average  of  the  count,  made  for  a  repre«.niative  period. 

\V hen  the  ...1  drop,  had  all  a«:ended.  the  communicati.lrTwith 

the  cup-hkc  vewel  wa.  cut  off  by  compre«ing  a  rublx-r  joint 

ju,r  below  the  latter   the  fluid  in  the  cylinder,  the  amoun 

of  *hich  was  accurately  known,  waa  run  off  from  a  tap  below 

^helVTT'Tu"  vn^"  •**'"*'  ^"  ''  determined  a.  In  the 
other  nielhcxl.  The  difference  between  thi.  concentration 
and  the  original  one.  the  total  volume  of  the  solution  in  the 
cylinder  and  the  united  surface  area,  of  all  the  oil  droplet, 
which  passed  up  through  the  solution,  gave  all  the  factors 
which  permitted  a  determination  of  the  concentration  of  the 

uru  °"  *'**'*'  *''"•'  °^  **'*'  interfacial  area. 
olMt  w».'»ll  '"!L'"'^rT.  "'^.  '""**"*^'  «^  'he  hydrocarbon 

i  In  f  *T^  '^  '?"  •"  "'  ™  ^"'P'*^'-  tf'^»"Kh  a  tall 
column  o  a  solution  in  a  cylinc^.r  which  terminated  in  a 
reservoir  below,  from  which  it  could,  however.  1..  .hu    off 

atdvTnown  T  ^*'!  """"r'''  °^  ""^^^"^  "«d  was  accur 
ately  known,  the  number  of  its  droplets  which  passed  down 
through  the  solution  was  determined  from  an  average  of  the 

ZT  Tf '•  ^u"^  '^^'  ^''''  '^'  '«^*'  «"P-^fi^'«»  area  of  all 
the  droplets.    The  onginal  concentration  of  the  solution  being 

•  For  an  Mcount  ol  which  ice  the  orifiiul  memoir*. 
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known,  and  having  aIm  detrrmineri  the  final  conc«^ntration. 
Ihr  diffrrrncr  gavr  thr  amount  of  ihe  toluic  abitrartrd  from 
Ihc  quanr'ty  of  ihe  lolution  in  ihr  rylinilrr,  which  waa  alio 
known.  From  all  ihrac  data  thr  amount  of  the  iw>luir 
adi..rli«l  on  ca»h  cm*  of  the  intrrfa.ial  arra  wo-  dctrrminrd. 
The  •olutca  u«rd  in  Ihrw  rx|>rrinicnti  wrrr  nortium  ulyio- 
cholate.  methyl  orange.  Congo  red.  sodium  ..Irate.  <austic 
•oda.  ailver  nitrate.  potatMium  chloride,  barium  chloride. 
wpper  chloride,  caflfrin  and  aiiilin.  and  ihriir  were  u»ed  in 
different  concentration*.  In  cjniy  the  last  two  named, 
caflfein  and  anilin,  did  the  direc  ily  aMntained  value  f.^^  sur- 
face cofulenaation  approximate  thoM  which  the  formula 

r.-X     if- 

RT     dC 
poatulated.  while  in  all  the  -    ^i  the  values  determined  by 
the  experimcnul  mcthodi  um     far  exceeded  the  ther.retlcal 
value*.     In   the  case  of  sodium  glycorholate  of 
o.as  percent.concentration  used  with   the 
hydrocarbon    oil,     the    surface    conccntrii- 
tlon    was     5XIO-*    grm./cm.',    but    the    thro- 
retlcal    value    was    only    7x10 '*  grm 
that    is,     the    directly    ascertained 
was     about      70      times      the      the 
value.        When      mercury      was       k'    t 
place  of   the   hydrocarbon  oil  the  • 
glycocholate    adsorbed    at    the    mercury- 
solution  interface  was  35  times  the  value 
calculated      from      Glbbs*      formula.       In 
sodium    oleate    the    directly    determined 
value  was   100  times  the  theoretical.      In 
Congo    red,    methyl    orange    and    caustic 
soda    used    with   oil,    the   factors   were   25. 
43.   and   ao  respectively.      If  even   considerable 
allowance  is  made  in  each  case  for  errors  of  determination 
the  excess  was  still  so  great  as  to  lead  Lewis  to  suKgest.  as  a 
possible  explanation,   that  the  adsorbed  material  occurred 
in  a  gelatinized  or  colloidal  condition  on  the  oil  or  mercury 
surface.     In   the   inorganic   salts   used   there 
was    also    an    excess     adsorbed     over     the 
theoretical  value,  but  it  was  chiefly  the 
cation  that  was  so  affected.  In  silvcrnitrate  the  silver 
adsorbed  was  about  5  times  in  excess,  in  copper  chloride  the 
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copper  was  17,  and  in  potassium  chloride  the 
potassium  adsorbed  exceeded  by  ;»o  times 
thecalculatod  amount.  Tliis  excesses,  in  Lewis' 
opinion,  prob-bly  due  to  electrical  effects,  ince  the  oil  used 
is  negatively  charged,  and  the  potential  differenre  between 
the  oil  and  water  is  approximately  0.05  volt. 

The  significance  of  these  facts  may  apjiear  a  little  more 
striking  on  further  analysis.  As  pointed  out  alxne,  the 
diameter  of  a  water  molecule  is  3.39  X  lo*  cm.,  and,  there- 
fore, the  diameter  of  its  sphere  of  attraction  at  the  oil  solu- 
tion interface  would  be  6.78  X  lo"*cm.,  but  Lewis,  accept- 
ing the  range  as  equivalent  to  that  postulated  by  Parks  (86), 
namely.  13.4  X  lo"*cm.,  and  using  also  the  value,  5.4x10"* 
grm.,  for  the  amount  adsorbed  per  cm.'  from  a  o.25\kt  cent, 
sodium  glycocholate  solution,  as  ex{)erimentally  obtained, 
calculated  that  the  concentration  of  the 
bile  salt  in  the  superficial  layer  was 
40.3  per  cent.,  or  160  times  at  least  that 
obtaining  in  the  rest  of  the  solution. 
If,  on  the  other  hand,  we  assume  the  range  of  molecular 
attraction  to  be  lower  than  that  postulated  by  Parks,  then 
the  concentration  of  the  bile  salt  at  the  interfacial  surface 
must  be  extraordinarily  high. 

It  is,  however,  not  certain  that  the  solute  adsorbed  is 
confined  to  a  deposit  within  the  range  of  attraction  of  the 
molecules  on  the  interfacial  surface.  It  is  probable  that 
there  is  no  sharp  break  between  the  concentration  at  the 
interfacial  surface  and  in  the  solution  generally— that,  in 
effect,  there  is  a  shading  off  between  the  two.  It  is  true 
that  the  amount  adsorbed  depends  on  the  surface  tension 
of  the  interfacial  area  whose  effects  do  not  extend  beyond 
the  range  of  molecular  attraction,  but  in  the  case  of  the 
solutes  which  are  adsorbed  in  such  extraordinary  excess  as 
to  suggest  the  formation  of  a  colloidal  or  gelatinous  deposit, 
the  latter  must  tend  to  produce  successive,  superposed,' 
mterfacial  sui  faces  till  equilibrium  is  attained,  in  which  case 
the  deposit  may  extend  with  lessening  concentration  through 
a  distance  from  the  original  interfacial  surface  equivalent  to 
several  times  the  range  of  molecular  attraction. 

Such  facts  as  these  make  it  clear  that  surface  tension  is  a 
very  important  factor  in  osmosis.  In  osmotic  processes 
interfacial  surfaces  are  conditioned,  and,  consequently,  surface 


kY-a' 


Macalluh:  Suktacb  Tbnmon  ahd  Vital  Pbbmombna. 


at 


tension  parftcipates.  When  a  membrane  separates  two 
fluids,  one  a  solution  and  the  other  the  pure  solvent,  there 
will  be  adsorption  on  the  membrane-solution  interface, 
whether  the  surface  tension  of  the  solution  be  hij^her  or 
lower  than  that  of  the  pure  solvent,  and,  in  consequence, 
there  will,  at  the  outset,  be  inequality  in  the  distribution  of 
energy  between  the  two  sides  of  the  membrane.  On  the 
principle  that  energy  everywhere  tends  to  a  minimum,  there 
will  be  a  movement  from  one  side  of  the  membrane  to  the 
other,  and  in  the  vast  majority  of  cases  at  first  from  the  pure 
solvent  to  the  solution.  That  it  will  not  always  be  in  the 
one  direction  has  been  shown  by  Dutrochet  (27),  Graham 
(44)  and  Flusin  (30),  who  found  that  in  the  case  of  certain 
solutions  with  animal  membranes  the  movement,  at  the 
outset,  was  from  the  solution  to  the  pure  solvent.  Graham 
found  that  solutions  of  oxalic,  citric,  tartaric  and  hydro- 
chloric acids,  of  the  chlorides  of  gold,  tin  and  platinum  and 
of  nitrate  of  magnesium  gave  thif  result,  and  he  accordingly 
called  it  negative  osmosis.  Flusin  points  out  that 
an  aqueous  solution  of  tartaric  acid  in  which  the  surface 
tension  is  lower  than  that  of  pure  water,  moves  through  an 
animal  membrane  to  the  pure  solvent,  that  is,  from  low  to 
high  surface  tension. 

Such  facts  as  these  show  that  osmosis  is  not  the  simple 
process  postulated  by  the  gas  theory  of  solutions  formulated 
by  van  't  HofT,  and  that  surface  tension  enters  as  a  factor 
in  the  result,  though  not  to  the  full  extent  demanded  by 
Traube  (104,  105,  106,  107,  108).  The  latter  holds  that 
surface  tension  is  all-important  in  osmosis,  and  that  it  oper- 
ates through  the  attraction  pressure  (Haftdruck)  of  a  sub- 
stance which  determines  the  velocity  of  the  osmotic  move- 
ment and  the  direction  and  amount  of  the  osmotic  pressure. 
The  Haftdruck  of  a  substance  is  measured  by  the  effect 
that  substance  exercises  on  the  surface  tension  of  the  solvent, 
or,  to  put  it  in  Traube's  own  way,  the  more  a  substance 
lowers  or  raises  the  surface  tension  of  a  solvent  the  less  or 
greater  is  the  Haftdruck  of  that  substance.  Neither  this 
view  nor  the  currently  accepted  explanation  of  osmosis 
suffices,  but  the  merit  of  Traube's  crusade  consists  in  the  fact 
that  it  has  directed  attention  to  the  part  that  surface  tension 
plays  in  osmosis,  a  factor  that  has  been,  and  is  still,  wholly 
ignored  by  those  who  hold  rigidly  to  the  gas  theory  of  solutions. 
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It  may  be  held  that,  after  all,  it  is  the  pressure  of  the  solute 
m  a  gaseous  condition  that  determines  its  condensation  on 
an  mterface  where  the  surface  tension  is  low,  and  that,  there- 
fore, the  gas  theory  of  solutions  fully  serves  as  an  explanation 
of  the  osmotic  processes.    It  is,  however,  surface  tension  that 
introduces  this  inequality  of  distribution  of  the  solute,  and 
this  mequahty  may  profoundly  alter  the  conditions  at  the 
surface  of  a  membrane.    The  force  that  causes  this  inequality 
must  affect,  also,  the  other  side  of  the  membrane,  if  the  latter 
IS  permeable  to  either  solvent  or  solute  and  both  solvent  and 
solution  wet  it.    Further,  if  when  the  adsorption  does  not  in 
amount  exceed  that  determined  by  Gibbs'  equation, 

F"    S-    Jl. 

'  ~RT  dC 
the  surface  concentration  is  a  factor  to  be  taken  into  reckon- 
ing, what  must  it  be  when  it  greatly  exceeds  that  amount, 
as  in  the  case  of  bile  salt,  seventy  times?  Such  extraordinary 
concentration?  cannot  but  have  a  marked  effect  in  influencing 
the  force  and  direction  of  osmotic  currents. 

Surface  tension,  then,  must  be  one  of  the  factors  in  osmosis. 
Under  purely  physical  conditions  it  must  play  an  important 
part,  but,  as  I  shall  show  later  in  this  communication  that 
part  IS  all-important  in  physiological  osmosis 

Before  concluding  this  section   it  is  well  to  comprehend 
clearly  a  few  special  applications  of  the  principle  of  surface 
tension      In  the  preceding  pages  the  fluid  system  that  was 
referred  to  had  only  one  interface,  as  the  drop  of  water  sus- 
pended m  space  and  unacted  on  by  gravity.     In  such  a 
system  the  solutes  that  lower  surface  tension  would  con- 
centrate at   the  air-water  surface,   while   those   that  raise 
surface  tension  would  be  found  less  concentrated  at  that 
surface  than  in  the  rest  of  the  system.    A  fluid  system  under 
such  conditions  does  not,  however,  occur  in  either  the  physical 
or  physiological  worids.    The  systems  which  one  ordinarily 
finds  are  those  which  have  ununiform,  interfacial  conditions, 
that  IS.  the  surface  tension  is  not  uniform  over  their  surface 
This  has  a  special  effect  on  the  distribution  of  the  solutes, 
as  may  be  illustrated   by  the  case  of  water  in  a  glass  vessel. 
Here  there  are  two  different  interfaces,  one  of  the  water-air 
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surface,  the  other  of  the  water-glass  boundary.  The  tension 
at  the  water-glass  surface  is  less  than  that  of  the  water-air 
surface.  This  is  due  to  the  fact  that  the  molecules  of  the 
glass,  coming  as  they  do  in  closer  range  than  do  those  of  air 
with  the  superficial  molecules  of  the  water,  diminish  more 
markedly  their  free  energy  and.  accordingly,  the  surface 
tension. 

If,  now,  a  solute  is  present  it  will  be  concentrated  most  at 
the  interface  having  the  lowest  surface  tension,  i.e.,  on  the 
solution-glass  surface.  This  happens  whether  the  solute 
lowers  or  raises  the  surface  tension  of  the  water.  If  it  lowers 
the  surface  tension  it  will  be  concentrated  least  in  the  body  of 
the  solu"'  n,  more  at  the  solution-air  surface  and  most  at 
the  soluu  n-glass  surface,  for  the  surface  tension  of  the  pure 
solvent  at  the  latter  point,  low  as  it  is,  is  lowered  still  more 
by  the  solute.  Further,  in  such  a  system  the  solute  which 
raises  the  surface  tension  at  the  water-air  surface  should  also 
raise  that  at  the  water-glass  surface,  but  the  two  tensions 
would  not  be  equalized,  and,  consequently,  the  solute  would 
be  least  concentrated  at  the  solution-air  surface  and  most 
on  the  solution-glass  interface.  It  would  thus  happen  that 
if  two  solutes  were  present,  one  raising,  the  other  lowering 
the  surface  tension  of  the  solvent,  both  would  be  most  con- 
centrated  at  the  water-glass  surface. 

This  explains  the  Thomson-Monckman  experiment  of 
filtration  through  surface  tension.  In  this  a  solutio'-  of 
potassium  permanganate  is  allowed  to  percolate  througn  a 
layer  of  clean  sand,  and  if  the  layer  is  of  sufficient  thickness 
the  fluid  that  first  issues  is  pure  water,  the  solute  having  been 
retained  by  adsorption  on  the  surfaces  of  the  sand  particles. 
A  solution  of  bile  salt  siniilariy  used  would  less  readily  issue 
as  pure  water,  for  there  would,  in  such  a  percolating  solution, 
be  also  a  concentration  at  the  water-air  surface  (owing  to 
the  fact  that  bile  salt  lowers  the  surface  tension  of  water) 
though  not  as  marked  as  at  the  solution  sand  surfaces. 

It  explains,  also,  the  condensation  of  solutes  on  the  sur- 
faces of  oil  droplets  or  on  droplets  of  mercury  in  a  solution 
whether  the  solutes  raise  or  lower  surface  tension,  as  in  the 
researches  of  Uwis  referred  to.  One  is,  further,  thus  put  in 
a  position  to  understand  some  of  the  conditions  which  affect 
surface  tension  in  tissues,  for  in  these  the  cells  and  fibres 
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form,  with  lymph  and  other  physiological  fluids,  interfaces 
which  make  for  surface  condensation.  But,  Ufore  all  else, 
in  each  of  the  cells  themselves,  the  individual  units  of  the 
vital  machine,  there  are  different  interfacial  surface  tensions 
which  are  the  results  of  the  adjustment  of  energy  throughout 
each  cell,  and  those  bring  about  inequalities  in  the  distribution 
of  solutes  throughout  its  contents. 

III.— The  Method  of  Studying  Surface  Tension  in 
Living  Matter. 

From  the  preceding  section  it  may  be  gathered  how  sur- 
face tension  affects  not  only  the  form  of  a  fluid  system,  but 
also  the  distribution  of  solutes  throughout  it,  and  from  such 
a  fluid  system  one  may  pass  to  living  matter  and  apply  that 
principle  in  explanation  of  some  of  its  functions.  In  apply- 
ing it  there  are,  however,  difficulties  involved.  It  is  certain 
that  surface  tension  moulds  the  form  of  a  protoplasmic  mass, 
but  that  certainty  does  not  come  from  direct  observation,  and 
is  derived  only  as  a  deduction  from  all  the  facts  krown 
regarding  living  matter  and  the  physical  properties  of  a  frop 
of  fluid.  It  is,  indeed,  improbable  that  differences  in  surface 
tension  will  ever  be  demonstrated  directly. 

Indirectly  they  can  be  demonstrated,  but  even  here  the 
diflSculties  are  great.  The  indirect  methods  are  two,  namely, 
that  which  takes  count  of  changes  of  form,  and  that  which 
depends  on  the  demonstration  of  surface  condensation  of 
solutes.  Changes  of  form,  or  irregularities  of  surface,  when 
they  occur,  can,  however,  only  occasionally  be  thus  used,  for 
it  is  not  always  possible  to  attribute  them  to  differences  in 
surface  tension.  In  multicellular  organisms  the  cellular 
elements  may  be  subjected  to  pressure,  and  there  may  thus 
be  irregularities  of  outlines  in  which  surface  tension  has  not 
been  a  factor  in  the  least  degree.  This  method,  therefore, 
except  in  unicellular  organisms  and  in  certain  tissue  ele- 
ments, to  be  referred  to  later,  is  not  one  on  which  much 
emphasis  may  be  laid. 

The  method  which  depends  on  the  demonstration  of  sur- 
face condensation  is  of  a  wider  application,  but  it  is  also  of 
very  great  difficulty.  In  a  drop  of  an  aqueous  solution  on  a 
glass  plate  surface  condensation  occurs,  but  it  is  difficult,  nay 
impossible,  to  demonstrate  it  directly.      In  sa-uctures,  like 
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cells,  in  which  viscidity  and  density  produce,  as  compared 
with  a  pure  fluid,  stability  of  form,  there  are  also  difficulties. 
These  arise,  in  large  part,  from  the  fact  that  we  have  no  re- 
actions which  will  show  the  presence  of  some  of  the  substances 
adsorbed.  In  the  chemical  processes  of  cells  a  very  large 
number  of  substances  are  produce<l  which  alter  the  surface 
tension  of  the  cells,  and,  in  consequence,  they  undergo  adsorp- 
tion at  the  surfaces  where  low  tension  is  brought  alwut.  All 
these  substances  are  beyond  our  present  methods  of  micro- 
chemical  demonstration,  and,  consequently,  their  adsorption 
cannot  be  shown.  Along  that  line,  therefore,  little  progress 
appears  possible,  at  least  for  the  present. 

We  are,  however,  not  wholly  resourceless  in  this  difficulty. 
Amongst  the  inorganic  salts  that  usually  ac(  onipany,  or  are 
a  part  of,  living  matter,  there  are  some  whose  elements  can 
be  demonstrated  by  definite  and  very  delicate  microchemical 
reactions.  Of  these,  one  is  haloid  chlorine,  which,  with  a  so- 
lution of  nitrate  of  silver  in  dilute  nitric  acid  and  after  ex- 
posure to  sunlight,  gives  a  reaction  which  will  show  the  pres- 
ence of  I  part  of  haloid  chlorine  in  3,000,000  of  solution 
(Macallum,  74).  The  reaction  is  thus  exceedingly  delicate, 
and  its  only  defect  Is  that  the  reagent  does  not  penetrate 
protoplasm  rapidly  enough  in  ever>-  case  to  be  instantaneous. 
This  makerf  the  reaction  ineffective,  in  some  cases,  as  a  means 
of  demonstrating  the  surface  condensation  of  chlorides  in 
the  protoplasm  of  cells. 

This  defect  does  not  obtain  in  the  case  of  the  reaction  for 
potassium.  Some  nine  years  ago  (1903)  the  author  dis- 
covered that  the  hexanitrite  of  cobalt  and  sodium,  when 
employed  in  a  certain  concentration  in  a  solution  of  sodium 
nitrite  and  acetic  acid,  constitutes  a  very  delicate  and  in- 
stantaneously precipitating  reagent  for  potassium,  and  that 
this  reagent  rapidly  penetrates  animal  and  vegetable  cells 
(Macallum,  71).  By  freely  washing  the  tissue  or  cells 
treated  with  the  reagent  in  ice-cold  water  the  reagent  is  re- 
moved, and  the  precipitate,  consisting  of  the  hexanitrite  of 
cobalt,  sodium  and  potassium,  wherever  it  exists  in  a  cell, 
appears  as  a  cobalt  yellow  deposit.  Of  thiis  precipitate  only 
about  16  per  cent,  is  potassium.  On  treatment  with  am- 
monium sulphide  the  cobalt  is  turned  into  the  black  sulphide 
of  cobalt,  which  is  a  more  striking  indication  of  the  presence 
of  potassium  than  the  original  cobalt  yellow  colour.     If 
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«mT„i5  P^P**"^*""".  "  '"ounied  in  glycerine  it  can  be  ex- 
amined  under  the  microscope.  In  this  way  the  distribStron 
of  potassium  throughout  normal  animal  and  vegetable  ^ 
has  been  ascertained  by  the  author,  whose  experience  with  the 
reagent  or  the  last  seven  years  has  convinced  him  That  wc 
have  ,n  this  method  a  most  valuable  one  for  detemuninj  the 
distnbution  of  potassium  in  connection  with  livinrmattfr 
The  method  used  on  cells  and  tissues  of  representatives' of 

?hnt  r^r-  "^'^'  '"'T"'  ""'^  ^^K^^^ble  kindgoms.  sh^ws 
hat  potassium  ,s  very  abundant  in  vegetable  cells,  as  a  rufe 
that  It  .9  present  ,n  the  tissues  of  multicellular  Animal  or-' 
ganisms.and  that  it  is  scanty  only  in  the  majority  of  Protozoa 
In  some  organs  in  Mammals  potassium  exceed,  the  Sum 
.n  amount.  This  is  the  case  with  the  brain,  kidney,  mZZ 
and  pancreas.     In  the  tissues  generally,  whether  animal  or 

Zf\    t  '^;r"'"  *""'^  «PP^«^  '°  be  abundant  enough 
and  to  be  widely  enough  distributed  to  serve  as  a  me^ns  of 
determinmg  the  occurrence  of  adsorption  and.  theSe  o 
differences  in  surface  tension.  i"«^reiore,  oi 

The  observations  of  eight  years  ago  (Macallum  71) 
demonstrated  that  potassium  does  obtain  in  local  deS  and 
concentrations,  the  occurrence  of  which  the  author  afthe  tfme 
did  not  explain      Potassium  is  not  known  to  form  precioitaS 

ratinnr  '^'  ''''^f"'  ^f  Phy-dogical  worids.  and^e^^g  e 
ga  ions  and  condensation  found  in  animal  and  vegSe 

authorTh";^'^.h'°  """f'  precipitates.  It  occurredTo  the 
of  the  cfhh,  rr  ~"^^"«^tbns  were  the  result  of  the  act  on 
of  the  Gibbs-Thomson  principle,  but  owing  to  the  noveltv  of 
the  Idea  involved   and  also  because  of  the  desire  to  nvestl 

?aLd  and  "t^e '"''"'  ^'^'  ^''P'^"^"°"  ^^  not  then "d- 
vanced.  and  the  aggregations  and  local  concentrations  nh 

sen^ecJ  were  referred  to  as  "physiological  prSpiStes^" 
and     physiological  condensations".  F'^-ies 

A  more  careful  consideration  based  on  widely  extended 
observations  on  the  distribution  of  ootassi  im  in  1  •  . 
and  vegetable  cells,  carried  on  during  th^e last  s^x  veaJs"' h 

a  Lrr:'  i'%^r^^  '^^'  theL  c;irn:Lrio'ro'f  ■ : 

are  in  n.l  r  '  °    '^'  ^^''°"  ''^  «"^f*"  ^^nsion.  that  they 

cLurl^^  ^^"^.  '"'^^"^^  ^^^  ^^«"'t  of  the  action  of  the 
G.bbs-Thomson  principle,  and  hence,  that  in  the  d  stribut  on 
of  potassium  in  tissues  and  cells,  as  revealed  n^crcSheSv 
we  have  a  means  of  detecting  differences  in  surface  teTs  on  '^' 
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This  conclusion  the  author  advanced  two  years  ago  (72), 
and  on  the  basis  of  the  ol>8ervations  made  along  this  line  en- 
deavoured to  explain  all  the  leading  vital  phenomena  as  arising 
in  part  at  least  from  changes  in  surface  tension  of  the  struc- 
tures concerned  in  the  production  of  these  phenomena. 
The  latter  included  the  contractile  action  of  proto- 
plasm and  muscle  fibre,  smooth  and  striated,  glandular  se- 
cretion, intestinal  absorption,  the  generation  and  trans- 
mission of  nerve  impulses  and  the  processes  of  cell  division. 
The  subject  is  a  vast  one,  but  the  discussion  of  it  on  that  oc- 
casion was  necessarily  very  brief,  and,  therefore,  only  a  few 
of  the  facts  which  have  been  obtained  on  this  point  were  re- 
ferred to.  It  is  now  opportune  to  deal  more  fully,  'hough  not 
adequately,  with  all  the  problems  involved,  and  in  the  fol- 
lowing pages  it  will  be  shown  how  the  Gibbs-Thomson  prin- 
ciple of  surface  condensation  may  aid  us  in  explaining  the 
causation  of  some  of  the  vital  phenomena. 

IV.— Surface  Tension  in  Living  Structures. 

(o)    IN   CELLS  IN   GENERAL. 

Though  surface  tension  as  a  physical  force  has  been  known 
since  1751  when  Segner  introduced  it  as  a  concept  in  physics, 
it  was  only  more  than  a  century  later  when  it  was  first  con- 
ceived as  a  factor  in  cellular  action.  In  1869  Engelmann 
(29)  briefly  explained  the  amoeboid  movement  of  proto- 
plasm as  due  to  forces  quite  the  same  as  those  "welche 
jeden  nicht  kugligen  freien  Flassigkeitstropfen  kuglig  zu 
machen  streben". 

In  1876  BUtschli  (20),  almost  equally  briefly,  sought  to 
establish  the  hypothesis  that  surface  tension  is  a  very  active 
factor  in  cell  division. 

Rindfleisch  (96)  in  1880  advanced  views  on  protoplasmic 
movement  in  which  forces  were  referred  to  that  involve  sur- 
face tension.  According  to  this  observer,  the  reticular  and 
interstitial  fluid  parts  of  the  cytoplasm  are  in  intimate  and 
static  relation  (adhesion),  and  disturbance  of  this  relation  re- 
sults in  movement.  That  the  adhesion  which  he  postulated  is 
the  result  of  surface  tension  is  shown  by  one  of  the  illustrations 
he  used  in  explaining  the  operation  of  the  adhesive  force. 
He  pointed  out  that  a  thin  film  of  oil  on  water  will  exhibit 
movement  if  the  water  is  heated.     These  movements,  in  the 
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opinion  of  Kindtlritch,  are  due  to  disturbance  of  the  force 
of  adhi-jsion  l)ctwcen  the  two  fluids,  but,  as  is  will  known,  they 
arc  rauMtl  by  diminution  of  their  surface  tensions. 

Ikrthold  (13)  Mix  years  later  (1886)  explained  the  stream- 
ing  of  the  cell  sap  in  vegetable  cells  as  due  to  surface  tension. 
Local  changes  in  the  surface  tension  on  the  tmundaries  be- 
tween the  cell  plasma  and  the  sap  brings  alwut  spreading 
movements  of  the  sap  over  the  surface  layer  of  the  plasma 
and   the  streams  resulting  may  be  confluent,  or  the  most 
vigorous  one  alworbs  the  others  or  alters  their  direction.     In 
this  way  Berthold  accounts  for  the  rotation  movement  whl''i 
such  streaming  usually  exhibit*.     He  held,  however,  that  the 
streaming  and  movements  inAmceba;  andPlasmodise 
are    not    to    be    explained    as   due    to    the    same    causes. 
This  did  not  essentially  involve  a  denial  of  the  participation 
of  surface  tension  in  the  streaming  and  .novements  of  ani- 
mal cells,  for  in  his  view  the  protoplasm  of  an  A  m  ce  b  a 
when  in  movement,  conducts  itself  st)mewhat  as  a  drop  of 
fluid  does  when  it  spreads  out  on  a  solU  surface,  and  we  know 
the  forces  engaged  in  the  latter  case  are  those  of  surface 
tension.     The  distinction,  therefore,  between  the  streaming 
and  movement  of  animal  protoplasm,  on  the  one  hand,  and 
the  same  phenomena  in  vegetable  cells,  on  the  other,  in  Ber- 
thold's  hypothesis,  is  based,  in  the  last  analysis,  on  diflfer- 
ences,  not  of  principle,  but  of  degree. 

In  1888  Quincke  (90)  applied  the  principle  of  surface  ten- 
sion in  explaining  all  protoplasmic  movement.  He  assumed 
the  presence  of  oil  and  soaps  in  all  cellular  structures,  and  on 
account  jf  this  presence  the  cell  protoplasm  has  special  pro- 
perties which  can  be  illustrated  in  the  case  of  oil  with  water 
When  a  drop  of  oil  lies  on  the  surface  of  water  it  is  acted  on  by 
surface  tensions  of  three  interfaces.  The  surface  tension  of 
the  water-air  interface  is  the  greatest,  while  the  surface 
tension  of  the  oil-water  interface  is  least,  and  that  of  the  oil- 
air  interface  intermediate  in  amount. 

The  strongest  tension,  that  of  the  air-water  interface  will 
therefore  pull  out  on  all  sides  the  drop  of  oil,  and  it  will  in 
consequence,  spread  out  into  a  thin  film  over  the  surface  of 
the  water.  Now  in  cells  surface  tension  operates,  as  in  the 
distribution  of  oil  on  water,  in  spreading  the  protoplasm 
containing,  as  pointed  out,  oils  and  soaps,  over  surfaces  in 
which  the  tension  is  greater.    As  soap  is  constantly  being 
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formed  in  protoplasm  the  surface  of  the  protoplasm  contain- 
ing It,  having  a  low  tension  on  the  protoplasm-watrr  inter- 
face, will  as  constantly  keep  moving,  and  as  a  result  thr  pro- 
toplasm will  l)c  pulled  out  with  it.  The  movement  of  the 
protoplasm  thus  produced  will  Ixj  continuous,  and  thus  con- 
stitute protoplasmic  streaming.  Cellular  masses,  thus  par- 
tially or  wholly  enclosed  in  lamellx  containing  soap  or  oil 
and  surrounded  by  water,  would  throw  out  psoudojKKlia  or 
manifest  amoclxjid  movement.  The  formation  of  oil  or 
soap  films  at  a  point  on  the  surface  of  a  cell  is  thus  the  prim- 
ary factor  in  movement. 

BUtschli  (21)  in  1892  published  the  results  of  his  obser- 
vations on  the  movemenu  of  a  drop  of  concentrated  soap 
emulsion,  which  he  explained  as  due  to  the  layer  of  soap  at  a 
point  on  the  surface  of  the  drop  dissolving  in  the  water  and 
lowering  the  tension  of  the  water  at  that  point.  The  water 
molecules  on  the  water-emulsion  interface  elsewhere  on  the 
drop  exert  their  tension,  and  thus  occurs  a  streaming  away 
from  that  fx)int  over  the  surface  of  the  drop.  This  produces 
a  corresponding  movement  in  the  drop  at  its  periphery,  and 
a  return  central  or  axial  stream  directed  to  the  point  on  the 
surface  where  the  solution  of  the  soap  occurred,  and  where 
now  a  protrusion  of  the  drop  takes  place  resembling  a  paeu- 
dopodium.  In  this  manner,  BUtschii  hold  the  contractile 
movements  of  Amoebae  are  brought  abou  In  these  the 
chyiema  or  fluid  of  the  foam-like  structure  in  ihe  protoplasm 
is  alkaline;  it  contains  fatty  acids,  and,  in  consequence,  soaps 
are  present  which,  through  rupture  of  the  superficial  vesicles 
of  the  foam-like  structure  at  a  point,  are  discharged  on  the 
free  surface.  This  produces  there  the  diminution  of  surface 
tension  that  calls  forth  curr(  nts,  internal  and  external,  like 
those  which  occur  in  the  ca  e  of  the  drop  of  soap  emulsion. 

As  regards  Quincke's  e  ,)lanation  of  protoplasmic  move- 
ment and  streaming.  BUtschli  has  shown  that  it  is  based  on  a 
mistaken  view  of  the  structure  of  the  cell  in  C  h  a  r  a  and 
other  plant  forms  in  which  protoplasmic  streaming  occurs. 
BatSi-hli's  own  hypothesis,  however,  is  defective  in  that  it 
postulates  a  current  in  the  fluid  medium  just  outside  the 
A  m  oe  b  a  and  backvard  over  its  surface,  the  existence 
of  which  BerthoIH  denies  and  BUtschli  himself  has  been  un- 
able to  demonstrate  even  with  the  aid  of  fine  carmine  powder 
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In  thf  fluW.     He  did.  Indeed,  olmrvr  a  itreamlng  mo%rment 

In   the   water   almiit   a  •trraming   Pclomyxa.    but    the 

current  wa«  in  fh««  dlmction  opiKwitc  to  ilut  demanded  by 

his   hy|x)the«if.     Further,    his   failure    to  demon»trate    the 

occurrence  cif  the  pottulaletl  baikflow  in  the  water  about 

the  contracting  or   moving   man*  of  an    A  m  cr  b  a    «)r  • 

P  e  I  f)  m  y  X  a   make,  it  difficult  to  accept  the  hypothesis  he 

advance«l   to  explain   that  ImkHc.w.   namely,   that  rupture 

of  peripheral  vesitks  (VVaben)  of  the  protoplasm  cKcurs  with 

a  subsefjuent  «li»charge  of  their  contents  (proteins,  oils  and 

soat>s)  mto  the  surrounding  fluid.     Surfac  e  tension,  moreover, 

on  this  hypothesis  would  U-  an  uncertain  and  wasteful  factor 

In  the  life  of  the  cell.      On  a  priori  grounds,  also,  it  would 

•eem  improbable  that  this  force  should  be  generated  ouuidc 

instead  of  inside  the  cell. 

A  somewhat  clearer  view  of  the  action  of  surface  tension 
in  Amoebae  was  advanced  by  Ryder  (98)  in  1894.  This 
observer  regarded  every  detail  in  the  form  of  the  cell  and  iu 
nucleus  as  determined  by  surface  tension,  and  even  attributed 
the  formation  of  the  rays  of  the  aster  in  mitosis  to  the  same 

u     i.-  l"  *'"'  '"'■^^'■*'  '*'"*'°"  "^  ^^^  protoplasmic  mass  it- 
self which  operates  m  determining  the  external  form  of  the 
cell.     Owing  to  metabolic  (chemotropic)  changes  at  a  point 
on  the  surface,  the  surface  tension  lessens  there,  a  "rupture" 
of  the  superficial  film  takes  place,  and  a  flow  of  the  proto- 
plasm  through   the  opening  occurs.     The  new  superficial 
filin  of  the  protrusion  or  pseudopotllum  thus  formed  may  it- 
self  be  of  such  weak  tension  that,  like  its  predecessor,  it  also 
ruptures    and  the  protrusion  is  extended.     The  flow  into 
the  protrusion  is  from  the  more  central  parts  of  the  mass, 
and  to  replace  this  there  is  a  flow  inward  from  the  protoplasm 
at  the  opposite  pole.     The  whole  movement  thus  resembles 
that  of  a  vortex  ring  with  which  Ryder  compares  it,  but  the 
resemblance  is  not  complete,  for  in  the  cell  the  centre  of  the 
ring  IS  occupied  by  the  current  of  protoplasm  flowing  through 
the  weakened  or  "ruptured"  membrane.     The  cell  is  thus 
flowing  through  itself,  and  the  outer  layers  of  molecules  thus 
form  a  sort  of  shell  or  tunnel  through  which  the  central  cur- 
rent flows.     The  special  point  in  Ryder's  hypothesis  is  that 
It  postulates  that  it  is  the  surface  tension  of  the  protoplasm 
Itself  and  not  of  the  surrounding  medium  that  is  the  primary 
factor  in  producing  movement. 
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A  •imilar  view  wa»  propoundrtJ  by  Vcrworn  Oooi      II. 

theVr.  ^     *'"  "'"'**'"'''"^  "^  '^^  pr"(..pb.m  ,t 

virwi  »huh  Roux  hail  atlvancct  »o  the  Mmr  eff., »  -,nl,i«    i 

•hv  o7^,h         r  (Anhom..grnit»,en)  of  competition  and  <lrn 
•uy  of  thr  .urfacc  layer  a«  well  a»  of  the  Jcckt  portL,  .^f 

changing,  disappearing  at  one  point  to  rt appear  eliX^. 
.nd  thu  tendency  to  change  U  favoured  bTtheverieu,a; 
followiSotlSr'"  '''  '"'"!  "«""  ^'^^h    «h"ribt 

duct  .hghtly  different  in  amount  and  quality  n  coS« 
quence  o    the  action  of  the  product,  of  ?ach  vesicle  the  Jut 

Rhf.mM*"'"  "  *'^'^*"'  ""'^"-"y  "^^r  the  .urfa'e  wh"ch 
Rhumb ler  repre«nt.  a.  a  mosaic  constituted  of  d  ff^ren t 
fluid  colloids,  each  of  which  has  it.  own  capillary  con"  Unt 

ac't  vhi'«"'^o?  ^ir' UH  °'  *'^  ^:^"'^lr'  ^^  -"  -  ^hl-  ^h  ATni 
activities   of    the   latter,  continually   and    unequally   affect 

he  .urface  ten.ion.  with  the  result  that  the  g^T different 

.n  form  and  contour  of  living  matter  which Ve  coriprehend 

under  contraction  and  extension  develop  ""^Prencnd 

Not  greatly  different  from  Rhumbler's  view  is  P    /cnsen'. 

explanation  (55)  of  the  causation  of  protoplasmic  movement 

«  wet"a5  amtb  r -"'h'"^'  "T"'"^  " '«"  ki-irmuTiur 
as  well  a.  amoebic,  is  due  to  alterations  in  surface  tension 
brought   about    by   metabolic   processes  in  the  cytoprMm 

at  a  point  m  the  cell,  there  results  an  increase  there  of  the 
number  of  metabolitics  and  a  consequent  decrJ^  of  .ur^ 

prud:^  fori;^  '  m  ^°  -Pr°"' ^  ^'^  Pointt^nd  th^e 
t<^  (cS^i^Hr^^;J^'''"'  °"  '^^.'"^^'  h«"d'  'he  dissin,i!a- 
tory  (catabohc)  processes  are  specially  enhanced,  there  is  a 
decrease  .n  the  number  of  molecules,  the  rurfac;  tenli  a? 


If 
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th#  pulnf  |ncrr»«r«.  ami  aimnlirgly  nmtrmiion  (lrvr|f>p«. 
It  U  of  ciiurir  itH|i<>Mni|r  |e»  cimionatriilr  ihr  «KTurrrfMr  of 
thene  meiatidlic  |iro«r««r«  nimuliiinrouiily  with  thdnKrn  of 
form  in  unin  lhit.tr  "rganismii,  itmi,  in  ronMi|iiftKT,  jmafit 
rrtira  fur  *ti|)iN  n  i.r  his  xicw  on  thr  (aii  thai  tit  niumli-  itita- 
bolif  pnM'rwM*  arc  wilmkirnt  with  ttHilrotiion  while  ihr 
analMtlic  prfx-rft*ni  arr  inhait'-r<l  during  rrlaxatif>n. 

UraiUfonl  KohrriMm  (97)  mpljinril  proioplaiimir  movr- 
mcnt  as  taiiMtl  hy  aiigmrntation  or  (iiminiition  of  cimt 
difTrrrnce  uf  (Mitcntial  ttctwcrn  the  aurface  of  the  amnbcno 
organiam  or  thp  turfacn  of  cilia  ami  the  fluid  mrdium  by 
which  they  arc  hailied.  I  hi»  ci>ntat't  difTrrrncr  of  (xttrntial 
ia  due  to  the  presence  ut  ion-|>rotein»  in  the  aurface  layer  of 
the  organium,  and  alterations  in  potential  lead,  ••  in  mercury 
dropt  lurrounded  hy  sulphuric  acid,  to  lixal  alli-rationa  in 
surface  tenniun  and,  consequently,  to  ntoveinettts  in  dehnite 
directions. 

Some  obaer>'ations  bearing  on  the  relation  of  surface  ten- 
eion  to  toxic  action  on  living  cells  and  to  oanioais  may  now 
be  detailed 

J.  Tratibt;  (104)  pointed  out,  in  the  caae  of  the  primary 
monatomic  alcohols  of  the  fatty  series  and  of  the  esters  of 
these  alcohols  with  acids  of  the  acetic  series,  that  the  toxic 
effect  of  these  substances  increased  in  homologous  series 
with  thtir  surface  tension  effect  in  the  proportion  of  ji;  e.c, 
each  member  of  the  alcohol  series  is  three  times  as  citecii  . 
in  its  capillary  action  and  three  times  aa  toxic  as  the  next 
lower  member  of  the  same  series.  A  quite  similar  relation 
was  determined  by  Fuhncr  and  Ncubauer  (38,  39)  in  the 
action  of  alcohols  in  promoting  hemolysis,  and  J.  Lo«;b 
(68)  found  it  to  obtain  in  the  action  of  alcohols  on  the  hclio- 
tropism  of  Copepods. 

Czapek  (33)  hasinvestigate<l  the  action  of  solutions  of  a  num- 
ber of  substances  in  promoting  the  diffusion  <»f  tannin  from 
vegetable  cells,  and  has  found  th.'it  it  depends  on  surface  tension. 
The  presence  of  tannin  was  demonstrated  micTochemically 
by  treatment  with  a  solution  of  caflcin  which  forms  myelin- 
like  droplets  with  tannin.  Solutions  of  acids  of  concentra- 
tion exceeding  ^  and  of  alcohols,  ethers,  chloroform, 
esters,  acetone,  ketones  and  urethancs  in  certain  concen- 
trations in  water,  when  applied  to  the  cells  of  E  c  h  e  v  c  r  i  a, 
Saxifraga    and   Spirogyra,  cause   the   tannin   to 
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ditfiiH  trxm  thff  crili.  Mti  CM|irk  d«t.  rmlnr<l  thai  thr  con- 
remrinkm.  of  ihr  Uttrr  cIam  of  r-np,MincI-  Kavi>  the  «>- 
lutUm.  ill  r«ih  CMt,  •  .Mffarr  Irntitit.  i>f  oM-oto  limn  that 
o(  *«t«.r  ,»  ,5.,,.c.  With  mr.hyl  dcuhol  thr  .-.»«. rntr«. 
tkin  whii  h  K«v«  (hi.  trillion  wa*  15  iht  tent,  dr..  15  v.Jumr. 
01  mrthyl  «l.-«h€,|  pci  too  of  »olutii>n).  with  ethyl  «lcoh..| 
It  WM  lf>.||  ,»r  rent.,  with  normal  pr».py|  .nd  l«opropy| 
«l.oholt  Iwiwwn  4  and  5  per  rent.,  with  normal  l,uiyl  and 
l«»butyl  akohoU  Iwtween  i  and  1  per  iTnt  .  and  with  amyl 
•lioho  0.5  per  rrnt.  The  diflu.ion  of  (annint  from  the  ce|U 
wa..  t hrriforr.  independeni  of  the  chimical  c«)m,KHiition  of 
the  •ubttancet. 

Wiih  Mtlutiont  of  a  higher  .urfao-  ttntion  cx»».nio«ia.  i>r 
dlfTu*i«.n  from  the  cell.,  did  not  wcur.  Ciaprk,  therefore. 
MJnt««ti  that  the  pla»ma  membrane  around  the  celU  has  a 
•urfare  tennion  of  o.6«Hi.69  times  that  of  water,  and  that  ao 
UL.  *?  J*^  exterior  turface  of  the  membrane  it  ordinarily 
bathed  by  a  fluid  whoK  lurface  tension  is  greater  than  the 
•bovc  value,  which  he  calls  the  critical  lension.  no  diffusion 
occurt.  Osmosis  then  depends  in  this  instance  on  the  estab- 
lishment of  a  critical  iiurface  tension  in  the  external  fluid 
I  he  determination  in  any  particular  case  of  the  critical  ten- 
Mon  would.  C*apek  holds,  thus  reveal  the  surface  tension 
value  of  the  plasma  membrane. 

From  the  foregoing  account  of  the  literature  on  the  sub- 
ject "may  be  aern  to  what  extent  in  ti.e  pa.$t  surface  tension 
has  been  regarded  aa  a  factor  in  cell  lite  in  genrml .  and  how 
largely  the  views  ndvanccd  arc  derived  from  sf)eculation  and 
theory  alone.  It  was  inevitable  that  they  should  be  largely 
•o  derived,  for.  as  already  indicated,  there  was.  apart,  it 
m«y  be.  from  the  alterations  in  form  of  living  matter,  no 
direct  evidence  of  the  participation  of  surface  tension  in 
vital  movement. 

The  observations  which  are  now  to  be  advanced  as  bearing 
on  this  question  arise  from  the  application  of  the  Gibbs- 
Thomson  principle  of  surface  condensation  in  explanation  of 
the  distribution  of  potassium  in  animal  and  veg»'table  cells 
as  determined  by  microchemical  methcxU  by  the  author. 

The  most  striking  i  ances  of  the  surface  condensation  of 
potassium  are  to  be  tuund  in  the  Protophyta  and  especially 
m  Spirogyra.  Mesocarpus,  Mougeottia 
and  U  1  o  t  h  r  i  X  . 
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In    S  p  i  r  o  g  y  r  a    the    potassium    is   condensed    in    the 
immediate  vicinity  of  the  chromatophor.      When  the  turns 
of  the  latter  are  very  closely  applied,  then  the  spaces  between 
the  adjacent  turns  appear  charged  with  potassium.     When, 
however,  the  turns  of  the  spiral  are  far  apart,  as  in  Fig.  i,' 
the  potassium  is  found  confined  to  either  margin  of  the  chro- 
matophor.   There  is  so  little  potassium  in  the  rest  of  the  cell 
that  no  reaction  for  it  was  obtained  with  the  hexanitrite 
reagent.     The  condensation  on  the  margins  of  the  cliroma- 
tophor  must  accordingly  imply  that  in  this  part  of  the  cell, 
that  IS,  on  the  chromatophor-cell  sap  interface,  the  surface 
tension  is  low  as  compared  with  other  interfaces  inside  the  cell 
membrane.     As  the  synthesis  of  carbohydrates  takes  place 
in  the  chromatophor  under  the  influence  of  sunlight,  and  as 
potassium  is  a  factor  in  bringing  about  that  synthesis  (vide 
tnfra).  it  would  appear  that  low  surface  tension  is  a  factor 
in  that  sjnthesis,  or  is  a  result  of  the  synthetic  processes 
producing  substances  which,   in   themselves,   lower  surface 
tension.     If  formaldehyde  is  a  product  in  the  course  of  this 
synthesis  it  must  lower  surface  tension.     It  may  possibly 
Ik  that  the  low  surface  tension  is  both  a  factor  in  the  synthesis 
and  a  result  of  the  processes  involved. 

When    conjugation    occurs   in    S  p  i  r  o  g  y  r  a     the   out- 
growth from  either  cell  to  form  a  zygospore  is  preceded  by  an 
accumulation  or  condensation  of  potassium  at  the  point  im- 
mediately under  the  cell  wall  where  the  future  outgrowth  is 
to  develop.     The  cell  wall  soon  develops  a  convexity  at  the 
point,  to  which  the  cytoplasm  accommodates  itself,  and  at 
the  same  time  the  potassium  condensation  becomes  more 
marked.     While  the  growth  continues  the  potassium  con- 
densation    obtains     in     its     tip.     but     when     the    out- 
growth meets  the  corresponding  growth   from   the  neigh- 
bouring cell  and  the  contiguous  membranes  disappear,  per- 
mitting the  cytoplasms  of  the  two  outgrowths  to  fuse   the 
potassium  condensation  quickly  resolves,  and  the  element,  or 
rather  Its  salts,  diffuses  throughout  the  mass  of  the  protoplasm 
dcnved  from  both  cells  that  is  to  form  the  zygospore     The 
latter  thus  gets  its  potassium  from  the  condensation  at  the 
tip  of  each  outgrowth.    The  whole  history  of  the  process  of 
conjugation  thus  demonstrates  a  surface  condensation  of 
potassium  due  to  a  surface  tension  lower  at  the  outgrowth 
than  obtains  elsewhere  in  the  cells. 
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NVhen  the  quantity  of  potassium  present  in  the  conju- 
gating cells  of  Spirogyra  is  small  then  the  surface 
condensation  of  potassium  in  the  tips  of  the  outgrowths  is 
very  scanty  and  may  even  be  alwcnt.  This,  howevtr,  does 
not  hap}x-n  in  normal  ^<  ,v ,  r  ,  g  y  r  ^ 

In  Mesocarpus  lining  cor.;-.,  lion  a  similar  con- 
densation of  pf>tassiun  ..I  lajn.*.  Tli.  mode  in  which  the 
outgrowths  to  form  tl  -y.-wpcre  Jc  olop  is  somewhat  dif- 
ferent from  that  obsei  .10  in  .  p  i  r  o  g  y  r  a  .  The  cells 
taking  part  become  more  convex  on  one  lace,  and  the  con- 
vexity may  embrace  the  whole  length  of  the  cell  on  that  side 
(Fig.  3)-  Just  inside  the  membrane  at  the  central  or  most 
prominent  part  of  the  convex  surface  the  potassium  is  con- 
centrated densely  in  a  mass  which,  from  che  intensely  black 
reaction  for  cobalt  sulphide  which  it  gives,  stands  out  very 
prominently  as  a  cap-like  structure.  A  later  stage  of  the 
conjugation  as  well  as  of  the  condensation  is  represented 
in  Fig.  4. 

In  the  tips  of  the  growing  points  in  Cladophora, 
Vaucheria,  (Edogonium  and  Nitella,  potas- 
sium, when  present,  is  frequently  found  condensed  in  a  thin 
layer  immediately  under  the  membrane  at  the  very  extremity 
of  the  growing  cell,  while  the  remainder  of  the  cell  is  free 
from  it. 

In  U  I  o  t  h  r  i  X  one  very  commonly  obtains  specimens 
m  which  the  potassium  is  condensed  at  the  ends  of  the  cells 
(Fig-  5).  but  the  most  marked  occurrence  of  such  conden- 
sation is  to  be  found  in  a  form  that  usually  accompanies 
Zygnema,  especially  in  the  later  months  of  summer. 
The  author  has  been  unable  to  diagnose  the  genus  to  which 
this  form  belongs,  and,  therefore,  it  must  suffice  to  indicate 
Its  characters  by  reference  to  Fig.  6.  In  this  form  one  sees, 
immediately  adjacent  to  and  on  each  side  of  the  transverse 
wall  of  the  confervoid  thread,  a  most  striking  condensation 
of  potassium.  Here,  as  in  the  previous  instances  described, 
the  condensation  layer  is  not  always  sharply  limited  on  its 
two  faces.  In  the  illustration  there  are  not  a  few  prolon- 
gations of  the  condensation  extending  towards  the  proto- 
plasmic mass  to  which  it  belongs,  and  which  has,  through 
the  action  of  the  reagent  used  (the  hexanitrite  of  cobalt 
and  sodium),  shrunken  somewhat  from  its  normal  limits. 
In  such  preparations  as  these  the  condensation  of  potassium 
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described  indicates  that  the  surface  tension  is  low  at  the 
ends  of  the  cell,  a  conclusion  that  could  be  drawn  perhap* 
from  the  shape  of  the  cell,  for  if  the  surface  tension  were 
uniform  over  all  the  surface  of  the  cell  the  latter  would  be 
spherical. 

Throughout  the  cytoplasm  in  this  form  one  finds  the  po- 
tassium gathered  in  condensation  layers  about  spherical 
or  other  masses  and  the  occurrence  of  such  suggests  at  once 
that  low  surface  tension  is  effective  here  also. 

In  the  germinating  spores  of  specimens  of  Equisetum 
arvense,   grown  in  soil  rich  in  potassium  salts,  the  po- 
tassium  is  usually  found  remarkably  localized.     While  the 
spore  is  unicellular  the  potassium  is  more  or  less  uniformly 
distributed  throughout  the  cytoplasm.     In  the  first  division 
the  greater  part  of  the  potassium  is  gathered  in  one  of  the  two 
daughter  cells,  and  chiefly  there  at  the  pole  opposite  the 
other  cell  (Fig.  7.  a)  where  the  convexity  of  the  surface  is 
a  little  more  pronounced  than  it  is  on  any  other  point  of  the 
surface.     At  this  point  the  primary  root  hair  of  the  spore 
takes  its  rise,  and  as  it  grows  out  from  the  cell  the  potassium 
present  accompanies  the  growth,  and  its  distribution  is  in 
the  superficial  layer  of  the  cytoplasm  of  the  outgrowth  and 
immediately    beneath    the   covering  membrane  (Fig.  7,  b) 
This  distribution  of  the  potassium  leaves  no  room  for  any 
other  explanation  than  that  it  is     condensation  at  the  sur- 
face  where  the  surface  tension  is  lower  than  elsewhere. 

In  the  other  cell  of  the  germinating  spore  which  contains 
chlorophyll  at  this  early  stage  the  scanty  amount  of  potassium 
present  is  condensed  immediately  under  the  membrane 

In  spores  derived  from  Equisetum  grown  in  sandy 
soils  or  in  other  soils  largely  free  from  potassium  salts,  no 
trace  of  potassium  condensation  may  be  found  at  any  stage 
of  germination,  and  potassium  may  be  wholly  absent.  These 
spores  seem  to  possess  all  the  capacity  for  development  that 
the  spores  which  are  rich  in  potassium  manifest.  This 
would  seem  to  indicate  that  potassium  salts  are  inert  in  the 
metabolic  processes  of  the  cell  which  develops  the  primary 
root  hair.  It  is,  however,  possible  that  the  potassium  en- 
dowment may,  in  the  later  stages  of  development,  make  an 
important  difference  in  the  viability  of  the  organism. 

The  fact  that  when  the  spore  divides  and  is  constituted 
of  two  cells,  nearly  all  the  potassium  originally  present  in 
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the  spore  is  now  found  in  the  cell  which  is  to  develop  the 
primary  root  hair  >  significant  of  differences  between  the  two 
cells  immediately  before  they  divide.  The  condensation 
in  one  of  the  two  separating  halves  is  evidence  that  one  half 
has  a  lower  surface  tension  than  the  other. 

In  the  cells  of  the  higher  plant  forms  and  specially  in  the 
parenchymatous  tissue  one  observes  occasionally  a  distri- 
bution of  potassium  on  a  portion  of  the  cell  surface,  which 
suggests  very  strongly  that  here  also  is  condensation  due  to 
surface  tension.     An  example  of  this  is  illustrated  in  Fig.  8, 
representing    a    mesophyllous    cell    from    the    Easter    Lily 
(L  i  1  i  u  m).     These    mesophyllous    cells   are   subjected    to 
pressure,  and  thus  their  shape  is  not  wholly  determined  by 
surface  tension.     In  the  example  illustrated  the  potassium 
is  shown  in  a  condensation  layer  at  a,  which  would  -ndicate 
that  at  that  point  the  surface  tension  is  least.     At  other 
points  in  the  cell  potassium  is  concentrated  about  or  on  the 
surface  of  spherical  bodies  in  such  a  manner  as  to  suggest 
surface  condensation.    One  finds  this  concentration  very  com- 
mon in  the  mesophyllous  and  parenchymatous  cells  of  leaves 
and  stems,  and  later  in  the  summer  in  annual  plants  the  con- 
centration of  potassium  thus  brought  about  is  remarkable. 
It  is,  mdeed,  in  this  way  that  the  cells  of  the  leaves  dispose 
of  the  ever-increasing  quantity  of  potassium   brought  to 
them  by  the  transpiration  currents  from  the  roots  through- 
out the  whole  season.     If  it  were  not  for  the  condensation 
of  the  potassium  salts  on  the  surfaces  of  masses  in  the  cy- 
toplasm where  the  tension  is  low,  the  whole  cell  would  be 
uniformly  charged   with   potassium,  and    thus,   perhaps,   a 
toxic  condition  would   be  induced.     On  this  view  surface 
condensation  due  to  surface  tension  enables  the  chlorophyll- 
holding  and  other  cells  of  leaves  to  dispose  of  very  large  quan- 
tities of  salts  of  potassium  and  other  bases,  for  the  surface 
condensation  cannot  be  supposed  to  be  confined  to  the  po- 
tassium   compounds,  although    the   condensation    of  other 
salts  is  not  demonstrable  microchemically. 

In  the  stomata  of  T  u  1  i  p  a  one  finds  surface  conden- 
sation of  potassium  as  illustrated  in  Fig.  lo.  It  is  to  be 
noted  that  the  concentration  is  only  on  the  convex  surface 
of  the  "guard  cells",  the  concave  surface  of  each,  i.e.,  that 
bounding  the  aperture  between  the  cells,  being  wholly  free 
from  potassium.   As  these  "guard  cells"  are  supposed  to  alter 
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their  shape  and  thus  open  or  close  the  aperture  between 
them,  one  can  comprehend  in  a  measure  how  the  alteration 
IS  eHected.  The  most  convex  surfaces  are  endowed  with 
the  lowest  surface  tension,  and  this  explains  the  concen- 
tration Illustrated.  When  the  aperture  close,  the  concen- 
tration  of  potassium  at  the  outer  side  of  each  cell  becomes 
much  less  or  disappears  wholly,  and  the  potassium  is  more 
uniJormly  distributed  throughout  the  cytoplasm 

Weevers  (114)  has  described  and  figured  a  localization  of 
pc)ta88ium  in  the  tips  of  the  root  hairs  of  Hydrocharis 
Morsus  rana  which  is  apparently  a  condensation 
due  to  the  low  surface  tension  at  these  points  in  the  hairs 
but  that  author,  not  having  taken  account  of  surface  tension 
as  a  factor  m  such  a  situation,  explains  the  localization  as 
due  to  the  potassium  salts  diffusing  from  the  cytoplasm  of 
the  hair  cell  to  that  in  the  tip  where  it  first  meets  the  reagent 
which  demonstrates  its  presence.  What  Weevers  observed 
in  this  case  may  be  paralleled  in  the  tips  of  the  growing 
points  of  the  threads  of  Cladophora,  (Edogonia 

'tella  and  other  confervoid  forms,  and  the  conditions 
under  which  this  localization   is  obtained  excludes  the  ex- 
planation that  it  is  due  to  such  a  factor  as  Weevers  suggests 
As  already  stated,  unicellular  animal  organisms  are  largely 
free  from  potassium.     In  V  o  r  t  i  c  e  1 1  a    there  is  no  pi 
tassium  present  except  in  the  contractile  stalk,  in  a  minu   ■ 
deposit    around    the    base  of    each    cilium,   and    in    very 
minute  quantities  in  the  cytoplasm  immediately  about  the 
digestion  cavity.     There  is  indeed  much  more  potassium  in 
the  stalk  than  in  the  main  cytoplasmic  mass  or  head,  and  it 
is    there   distributed    throughout    its   length.     This   would 
indicate  that  the  head  is  under  higher  surface  tension  than 
the  stalk  and  the  part  of  the  head  from  which  it  extends. 
1  he  occurrence  of  minute  amounts  of  potassium  immediately 
about  the  digestive  cavity  of  the  organism  is  an  indication 
that  the  surface  tension  is  low  there  also,  though  not  perhaps 
to  the  same  extent  as  in  the  stalk. 

In  P  a  r  a  m  ce  c  i  u  m  the  potassium  present  is  minute  in 
quantity.  It  is  found  in  the  ectosarc  and  confined  to  the 
basal  portion  of  each  cilium.  On  the  Gibbs-Thomson  principle 
low  surface  tension,  therefore,  is  a  factor  in  the  production 
of  these  structures,  a  conclusion  that  is,  on  a-priori 
grounds,  probable.  *^ 
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In  spermatic  cells  in  Vertebrates  the  distribution  of  po- 
tassium varies  with  the  stage  of  development.  In  the 
spermatogonia  it  is  condensed  on,  and  in  masses  in,  the  cyto- 
plasm in  a  manner  that  suggests  surface  condensation  as 
a  factor.  This  almost  becomes  a  certainty  in  the  case  of 
spermatids.  In  Fig.  11,  representing  a  spermatid  from  the 
guinea-pig,  the  potassium  is  shown  massed  under  one  portion 
of  the  surface  of  the  cell.  In  the  fully  formed  spermato- 
zoid  the  potassium  is  usually  wholly  condensed  in  that 
portion  of  the  original  cytoplasm  which  envelops  ihe  posterior 
part  of  the  head.  In  the  ripe  spermatozoa  of  the  frog  there 
is  seen  a  similar  distribution  of  the  potassium.  In  the 
spermatozoa  of  the  dog,  as  they  exist  in  the  tubules  of  the 
epididymis,  there  is  very  little  potassium. 

The  occurrence  of  potassium  at  the  base  of  each  cilium 
in  P  a  r  a  m  oe  c  i  u  m  and  V  o  r  t  i  c  e  1 1  a  ,  in  the  stalk 
of  the  latter  form,  and  its  presence  in  the  more  or  less 
unaltered  cytoplasm  about  the  posterior  part  of  the  heads 
of  spermatozoa,  are  all  related  facts,  and  the  connecting 
principle  is  surface  tension  which  is,  one  must  suppose,  re- 
sponsible for  the  development  of  the  cilium  and  the  stalk 
and  for  the  shape  of  the  spermatozoon.  On  this  basis  the 
motor  or  contractile  function  of  all  three  may  be  referred  to 
slight  alterations  of  surface  tension  arising  in  the  head  of 
V  o  r  t  i  c  e  1 1  a  or  of  the  spermatozoon  or  in  the  ectosarc 
of  P  a  r  a  m  oe  c  i  u  m  and  passing  over  the  stalk,  tail  or 
cilium  in  a  wave-like  manner  to  its  termination,  the  wave 
of  low  tension  being  only  momentary  in  duration  and  being 
quickly  succeeded  by  another  of  like  character. 

(b)    IN   MUSCLE   FIBRE. 

The  first  to  discuss  from  the  physical  point  of  view  the 
source  of  the  energy  of  muscle  contraction  was  G.  F.  Fitz- 
Gerald,  the  Dublin  physicist  (33),  who  in  1878  advanced 
the  view  that  it  is  due  to  surface  tension.  Assuming  that  in 
mammalian  muscle  each  fibre  is  0.05  mm.  ( -  50/i)  in  diameter 
and  each  fibre  to  consist  of  closely  packed  fibrils,  each  of 
which,  to  facilitate  computation,  was  to  be  triangular  in 
section,  and  further,  that  the  side  of  each  triangle  was 
0.000125  cm.  (-i.25m),  he  estimated  that  there  would  be 
about  500  metres  of  circumference  of  fibrils  per  square 
centimetre  of  cross  section  of  muscle.     This,  with  a  surface 
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ten«ion  equal  to  that  of  water,  would  give  a  disposable  force 
o  4  kilograms  as  against  the  then  currently  estimated  value 
«  Ir}  uJ^'-  ^^  a»»"'nin«  also  that  the  fibrils  have  each 
a  smaller  diameter,  a  much  larger  disposable  force  can  l>e 

<iT^n!u  T  '  K  '^"T"'"?^*'"  ^'"^•"'■•'hed  surface  tension 
bv^in^r^^jT  'f^'  "^  ^"'"^  ^""'d  ^  compensated 

and^r^n  f  "•'"  °^  V^"^l."^<^-    He  suggested  that  fibrils 

and  transverse  striae  are  for  the  very  function  of  developing 
surface  tension,  and  also  that  the  electrical  disturbance  Lc- 
companying  muscular  contraction  affects  this  surface  ten- 
8K,n  as  .l..;erences  of  electrical  potential  in  Lipmann's  ex- 

{heTaurr  ' '  '""'"""^  "^'""^  ***""'  '*'*  ""^''^  '«"«'°"  «' 
The  next  to  suggest  surface  tension  as  a  factor  in  muscle 
contraction  was  D'Arsonval  (.),  who  was  unaware  0^?-^ 
SL  nf"  observations  and  views.  D'Arsonval.  basing  his 
.dea  of  surface  tension  m  muscle  on  the  electro-capillary 
phenomena,  constructed  according  to  Ms  views  a  physicS 

nth"^  T'T"^  ""^'^  •"  '^'  ^°"°^'"«  f^'hion.  In  a  rubS 
tube  he  placed  mercury,  dilute  acid  and  discs  made  of  pS 
c  ay  or  porous  porcelain,  and  these  were  so  disposed  that  a 
disc,  some  mercury  and  then  some  dilute  acid,  all  hi  this  order 
were  repeated  m  series  many  times  throughout  the  leng  h  of 
the  interior  of  the  tute.     This  model,  hung  vertically  and 

orth;t'"^"'"r'  ^'«-*°-'-f-m  a  bat'terycdl  should 
on  the  passage  of  a  current  through  it.  give  a  mechanica 
deformation  or  shortening  of  the  model  due  to  Jhe  change 
of  electnc  potential  on  the  surface,  of  the  mercu^  droS 

St  aU^I  ,t'l  'Tu  Zr^'T-  ^"  experiment^iemT 
Zrh^  'his  result  he  did  not  describe,  but  he  did  show,  by 
methods  which  need  not  be  described  here,  that  mechanic^ 
^tension  of  the  model  gave  origin  to  a  cu;rcnt  which  could 

thi^'rnnn  ^f  ^  '"kL^^^'  '^^"''""^  *°  D'Arsonval's  views  as  to 

the  connection   between   surface   tension   and   contracrion 

direc  ly  applied  the  principle  in  explanation  of  the  contraS 

ty  of  smooth  and  striated  muscle  fibre.     According  to  h  m 

n  ,m2r  '°"'^''!:?'  ^''  ^''^^^^"^  '"  ^^e  two  kindsVf  fibre 
In  smooth  rnuscle  fibre  extension  is  determined,  not  by  any 
force  ins.de  It.  but  by  an  external  force  such  as  may  distend 
fs  fouTd"  Th?"":.'  bladder  or  artery)  in  whose  wall  it 
.s  found.     The     stimulus"  which   causes     he   contraction 


MaCALLUM     SuMACI  TmmoM  and  VlTAl.   PnNO¥INA.  41 

increases  the  surface  tension  of  the  fihre-lymph  interface,  and 
this  of  itself  tends  to  malce  the  fibre  thicker  and  shorter,  a 
change  that  occurs  in  contraction.  He  did  not,  however, 
explain  how  the  stimulus  altered  the  surface  tension,  except 
8o  far  as  to  say  that  its  efTect  on  surface  tension  is  like  that 
of  electricity,  to  which  the  nerve  impulse  presents  some 
analogy.  In  striated  fibre  the  singly  and  doubly  refractive 
discs  are  in  contact  like  two  fluids,  and  their  intcrfacial 
tension  opposi  s  the  surface  tensions  of  the  external  surfaces 
of  these  same  discs.  How  these  forces  should  operate  is  not 
quite  clear  from  Imlx-rt's  description,  but  one  gathers  that 
the  longitudinal  diameters  of  the  two  discs  at  rest  are  due  to 
the  resultant  effect  of  the  different  surface  tensions.  When 
a  stimulus  (ner\'e  impulse)  reaches  the  fibre  the  surface 
tensions  of  the  discs  are  unequally  altered  and  there  results 
a  deformation  of  each,  involving  primarily  a  shortening  of 
Its  longitudinal  axis  and  thus  a  shortening  of  the  whole 
fibre. 

According  to  Bernstein  (9)  there  is,  in  both  smooth  and 
striated  muscle  fibre,  in  addition  to  surface  tension,  an  elastic 
force  residing  in  the  material  composing  the  fibre,  which, 
owing   to  the  conditions  that  may  obtain,  sometimes  op- 
poses aiid  sometimes  assists  the  surface  tension.     The  result 
is  that  in  th.  muscle  fibre  at  rest  the  surface  must  exceed 
somewhat  that  of  the  fibre  in  contraction.     In  both  condi- 
tions the  algebraic  sum  of  the  two  forces  must  be  zero.     In 
contraction   the  surface  tension  increases,  and  with  it  the 
elasticity  also.    Taken  as  a  whole,  this  would  not  explain  the 
laige  force  generated  in  contraction,  for  the  energy  liberated 
would  be  the  product  of  the  surface  tension  and  'I  e  amount  of 
the  diminution  of  the  surface  due  to  the  contraction.     As 
the  latter  is  very  small  the  product  is  much  below  the  a-nount 
of  energy  in  the  form  of  work  done  actually  manifested. 
To  get  over  this  difficulty  Bernstein  postulates  that  in  muscle 
fibres,  whether  smooth  or  striated,  there  are  fibrils  surrounded 
by  sarcoplasm,  and  that  each  fibril  is  formed  of  a  number 
of  cylinders  or  biaxial  ellipsoids  singly  disposed  in  the  course 
of  the  fibril,  but  separated  from  each  other  by  elastic  material 
and    sut  rounded    by    sarcoplasm.     Between    the    ellipsoids 
and    the  sarcoplasm   there  are  considerable  differences  of 
surface  tension  which  prevents  mixture  of  the  substances 
constituting  both. 
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hbril.  must  bt-  tufficunfly  numtmu..      To   aKirtain    how 

of  a  frog  de  crmmed  exixrimentally  its  abm.Iuic  force,  then 
hardened  .t  ,n  the  ex.cndcxJ  condition  in  alcohol  for  a  fort 
mght   after  which  it  was  imbedded  in  celloidin  and  trant- 
ver^  y  sectioned  in  the  micmtome.     In  such  «^ct•ons.  making 
all  allowances  for  the  shrinkage  due  to  alcohol,  he  found    h? 

cuiatec  thv  t  in  a  square  centimetre  of  such  a  section  there 
H-ouldlK.  3.. 460.000  fibrils  which,  with  the  data  for  drstidtj 
and  abs<.lute  force  (3000  grms.).  gave  o.o«  grm.  as  the  va  ue 
?ac.      Thu''  T'""  "^  ''•''  "^"'  "'  '^-  fibril-sarcoplasm  int  r! 

ntorfnZ      i^  u"'  '"  ''"^  ."'^'  ^''"^  "^  "«'  «»  ''"  ""'Water 
nterface.  whuh  ,s  approximately  what  Bernstein  supposed 
the  surface  tension  of  the  fibrils  to  be.    To  provide,  ho^^v^r 
for  a  greater  value  of  the  absolute  force  he  ,x,9fu°at^  a 
greater  tenuity  of  the  fibrils,  of.  e.g..  a  radius  of  .'?» cm 

The  excitation  of  the  fibrils  through  a  nervous  impulse 
causes  an  increase  of  the  surface  tension  of  ellipsoids  wK 
therefore.  l)ecome  more  spherical.  In  consequence,  the  S 
crease  m  surface  of  all  the  ellipsoids  constituting  a  fibril  is 
much  greater  than  if  the  fibril  were  to  1^  aflfectc?!  as  an  n 
dmdual  unit  only  by  an  increa.se  of  surface  tension,  and  thus 

ere,/.;^  1^  '"■r^''  devdopcd  would  be  correspondingly 
greater  1  he  ellipsoids.  Bernstein  explains,  are  not  to  ^ 
confused  with  the  discs,  singly  and  doubly  refrac  iv^°  Vn 
stnated  muscle  fibre,  for  these,  he  holds,  are  not  concern^ 
.n  the  generat  on  of  contraction,  but  with  the  procS^tS 
make  for  rapidity  of  contraction.  The  extension^f  a^ui^e 
after  contraction  is  due  to  the  elastic  reaction  of  the  subTtance 
between  the  ellipsoids  in  the  fibril.  »u"siance 

Bernstein  holds  that  fibrils  of  this  character,  with  ellipsoids 

andthi' •"'!"•'  ^"^'"  theectoplasmofStentor 
and  this  explains  the  contractility  they  manifest 

In  accepting  Kick's  view  that  the  muscle  is  not  a  thermody- 
namic but  a  chemodynamic  machine.  Bernstein  poL^  out 

Lfn  IT'""  T  "^'"'■"  ^  ^'•^"^formation  of  chemiSl  energy 
into  mechanical  energy  takes  place,  this  is  brought  S 
through  the  intermediation  of  volume  energy,  surface  energy 
or  electrical  energy.     Now,  volume  energy  is  excTudrin 
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muKle,  iincc  there  it  no  change  in  volume  of  muscle  when  it 
contract,  while  the  electrical  properties  of  muscle  afford  no 
sup(X)rt  to  the  view  that  electrical  energy  contributes  a  part 
of  the  energy  of  contraction,  and  iherefort,  the  only  source 
of  the  contraction  energy  that  is  possible  is  surface  energy. 

It  may  be  said  in  criticism  o{  iJtrnstcin'ii  libriU,  that  while 
theyconsistofellipsoids.each  fibril. according  to hiscalculations, 
is  supposed  to  act  as  if  its  surface  were  an  individual  unit,  not  a 
coiTiposite  one  which  i  t  murt  U-  if  ellipsoids  ctmst  itute  the  fibril. 
It  is  this  feature  that  ♦^al'is  t  necessary  f«)r  him  to  postulate 
extreme  tenuity  of  sui  >  fibrils  and  an  extraordinarily  large 
number  of  them  in  order  to  account  for  the  amount  of  ab- 
•olute  force  that  a  muscle  (7000-10000  grms.  |)ercm.«)  wjme- 
times  exerts.  If  each  fibril  were  constituted  of  one  hundred 
ellipsoids  placed  end  to  end,  and  if  the  surface  tension  of  each 
ellipsoid  were  capable  of  change  inde|xndently,  then  the  sur- 
face energy  of  the  whole  fibril  would  Ix-  one  hundred  times 
that  of  the  same  fibril  homogeneous  and  undifferentiated. 
Moreover,  the  ellipsoids  from  their  very  nature  are  non- 
demonstrable  structures,  and  must  always  remain  as  postulated 
elements  only.  It  may  further  he  pointed  out  that  Bern- 
•tein  attributes  too  small  a  part  vO  surface  tension  in  the 
lengthening  of  the  fibre  after  contraction,  and  that  the 
elasticity  which  muscle  appears  to  p<wsess  may,  in  the  ulti- 
mate analysis,  be  but  a  result  of  surface  tension. 

Jensen  (55).  like  Bernstein,  explained  the  contractile  phen- 
omena of  muscle  as  due  to  surface  tension,  this  force  with  elas- 
ticity determining  the  form  of  the  fibrils.  Unlike  Bernstein, 
he  recognized  the  sarcous  elements  as  primarily  concerned 
with  the  generation  of  ■  uraction.  Surface  tension  oper- 
ates between  the  isotropous  substance  and  the  sarcoplasm, 
between  the  anisotropous  substance  and  the  sarcoplasm,  as 
well  as  between  the  isotropous  and  anisotropous  elements. 
In  relaxation  of  the  fibrils  the  surface  tension  of  these  inter- 
faces balances  the  elastic  forces,  but  in  contraction  the  sur- 
face tension  constant  of  the  fibrils  is  increased  as  a  result  of  the 
chemical  changes  of  the  sarcoplasm  and  fibrillar  substance 
affected  through  the  stimulation.  This  leads  to  a  mingling  of 
the  isotropous  and  anisotropous  substances,  the  surface  tension 
of  their  interfaces  vanishes,  and,  in  consequence,  there  results 
a  diminution  of  the  force  that  opposes  shortening.     The  two 
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•uUfancM  ihu.  r..rm  in  r.,.  h  Mmm.  diiK-  a  cmmnn  cylindrr 
With  |)rop„rilnnat.ly  Urgrr  .urfatr  which,  h.iwrvrr,  i« capable 
now  „f  con,,.lrraN,.  .liminmion.  The  .hortenlng  and  thick- 
ening  of  the  fibrils.  acmlinKly.  Hrvdcp,  .ill  the  diffmnt 
lorcr.  arr  again  in  equilibrium.  In  relaxation  these  pruccMca 
happen  in  the  rcvrne  order.  ^^ 

A«  in  the  caae  of  onlinary  protoplaamlr  nrganiams  to  in 
muacle,  Jenten  holds,  aasimilalcry  (analM)lic)  priHrMca  de- 
crra^  surface  tension  and  diMimilatory  (ca-  ibolic)  pn«e«e. 
incttase  it.  The  chemical  change,  involvifl  in  these  dis- 
•imilatory  processes  are  developed  a.  the  effect  of  the  atim- 
uius  ol  the  nerve  inipulM>. 

.tM^u?'!''""^  R»lH.rts<.n  (97)  attribute,  the  contrition  of 
•tnated  muscle  to  the  elastic  reo,il  of  tubulin  compoaing 
the  con  ract.Ie  fibri  s.  the«.  tubules  hing.  in  resting  muscle, 
prilled  inward,  and  lengthened  by  the  surface  tension  of 
heir  fluid  content..  I..„.proteins  exist  in  the  walla  of  theM 
tubules  which,  under  the  influence  of  stimulation,  develop 

ference  Utween  the  surfaces  of  the  tubules  and  their  fluid 
contents:  in  consequence,  the  surface  tension  of  the  fluid  con- 

leas«l   from   the  inv...,!   pu||  „f  the  fluid  contenu.   n^oil 
and  l)ecome  .shorter  a-.u  more  spherical 

From  this  review  of  the  various  theories  as  to  the  part  that 

IZ.1  '?"?"  ?'*^f  '"  '""'«^»'«f  contraction,  it  may  be  aeen 
tliat  he  basis  of  ail  ,s  largely  speculative,  and  that,  highly 
.ngenious  as  the  theom.  are.  there  is  but  a  small  amount  of 
ground  common  to  al  of  them.  There  is  no  agr«rment  on 
the  point  whether  surface  tension  is  diminisht^  or  increased 
m  contraction.  FitzGeral.l's  observations  suggest  ^S 
Tl"^'  '^rf''''''  «[  Bernstein  postulate  an  increSe.  Jensen', 
theory  prcxiicate,  the  abolition  of  it.  while  Brailsfo,^  Roben 
son  8  entails  positively  a  reduction,  though  it  is  not  implied 
that  thi  re  is  a  diminution  of  surface 

vJZ".r'"iy''  the  author  (72),  in  giving  an  account  of 
views  advanced  regarding  the  derivation  of  muscular  energy 
from  surface  tension,  pointed  out  that  we  have,  in  some  o^ 
the  results  of  microchemical  study  of  muscle  fibre,  evidence 
that  surface  tensK,n  is  a  factor  in  muscle  contraaion^S 
he  discussed  briefly  the  significance  of  this  conclusion 


The  tvkience  U  derived  frum  th«  diitribuiion  «»(  pntoHium 

•nd    hatoUi    chlorine    in    mu»clc   fibrr.      B<ith  rlrmrnti  are 

jMftcnt,  but   potoMium   U   c«p«ially  abundant      From  the 

•naiywa  o(  Kati  it  has  lircn  found  thai  pntaaaium  i*  thrtt 

•nd  a  half  tim«  in  the  •triaiiti  muscle  of  tin*  dog.  and  fo.tr- 

teen  times  in  the  muiKle  of  the  pike.  a»  abundant  a»  wKlium. 

How  the  potaMium  salt  was  distributed  in  the  fibre  was 

unknown  liefore  19^)4.  in  which  year  the  auth«.r  (71),  by  the 

use  of  the  hcxanitrite  of  roUlt  and  sodium  as  a  micriKheml- 

cal  reagent  for  potassium,  found  it  ItKraliicd  in  the  doubly 

refracting  discs  of  the  fibres.     Later  and  more  extended  ob- 

•ervations  suggested  that  in  the  doubly  refi active  disc  It- 

•elf  the  potassium  is  not  uniformly  distributed,  and   this 

was  found  to  ix  the  case  in  the  wing  muscles  of  certain 

scavenger  beetles  in  which  the  discs  are  broad,  and.  therefore, 

conspicuous  enough   to  permit  of  distinct    ofweivation  on 

this  score.     In  these  fibres  the  potassium  salt  was  found 

localized  in  the  tone  of  each  disc  (sarcous  element)  adjacent 

to  the  light  band.     Subsequently,  Miss  M.  L.  Mentcn  (8j), 

using  the  same  microchemical  method,  found  the  potassium 

limited  in  iu  distribution  in  the  muscle  fibres  in  a  numlxr  of 

other  insects.     This  distribution  is  in  a  band  usually  very 

narrow,  in  the  sarcous  element  and  ordinarily  immediately 

adjacent  to  each  light  band.     She  determined  also  that  the 

chlorides  and  phosphates  have  a  like  distribution  in  these 

•tructures.  and  it  is,  consequently,  probable  that  sodium, 

calcium  and  magnesium  have  the  same  localization. 

Macdonald  (75)  also,  using  the  hcxanitrite  reagent  for  the 
microchemical  demonstration  <f  potassium,  made  investi- 
gations of  the  distribution  of  this  element  in  the  frog,  crab 
and  lobster,  and  as  a  result  of  hia  observations  holds  that  the 
element  in  the  uncontracted  fibril  is  limited  to  the  sarcoplasm 
in  the  immediate  neighbourhood  of  the  singly  refractive  sub- 
stance, while  it  is  abundai  ly  present  in  the  central  portion 
of  each  sarcomere  of  the  c  ntracted  fibril,  that  is,  in  the  doubly 
refractive  material. 

A»  a  criticism  of  Mat  Uonald's  results  it  may  be  pointed  out 
that  too  great  reliance  is  placed  on  preparations  from  the 
muscle  of  the  frog  into  which  the  hexanitrite  reagent  only 
slowly  penetrates,  and,  apparently  because  of  this,  altera- 
tions in  the  distribution  of  the  salts  occur,  in  consequence 


ol  which    M  ih*  author  Km  rrpcatwlly  oti^rvwi.  pataadum 
may  L*  limited  to  thr  doubly  rrfractjvr  bami,  in  one  part  ol 
tl»  contractwj  fibrr  and   to  thf  .inRly  refra«  tivr  ditca  in 
•n«.lher  part  ..f  ihr  •.inu-     Thit  i.  true  in  very  largr  meaaur* 
•lao.  (or  thr  hl.rr«  of  ihr  i  rab  and  lolwirr.    Kvrn  in  ihr  wine 

n"  mI  "  *'."  "'  '".•*"*"•"  "**■  •*»'"*•  ^"ntularity  wa.  olmrvrd 
by  MIm  Mrnfrn.  but  »u<h  ili»i..nrrrting  rr*ultt  ar*  not  to 
readily  obtaimd  in  Mi.h  librr^.  owing,  it  would  m^m 
to  the  rradiniHMi  with  whi.h  thr  hbriU  may  l»  |«iUtrd  and 
th«  almost  immwiiate  |Knrira«ion  of  thrm  by  thr  rragrnt 
In  .u.  h  preparation,  from  rrMing  mu»clc  ftbrr  th«-  potaaaium 
undoubit-dly.  in  the  vai.t  majority  of  caaw.  wrur.  in  a  xone 
at  each  end  of  the  doubly  rffractivp  band  and  immediately 
adjacent  to  the  singly  rifrat live  band. 

Whether  the  jiotaMium  is  in  the  wnoplaam  or  in  the 
•arcoatylc  it  ii  dirtiiult  to  detide.  It  i>  m.t  easy  to  annlv 
n  microchemical  atudiea  of  muncle  fibre  the  concept,  of 
its  more  minute  structure  derived  from  the  investigation  of 
merely  histologically  staincil  preparation!..  All  that  can 
be  accepted  with  any  degree  of  certainty  is  that  the  potas-ium 
w  limitetl  to  the  sarcoun  element-  which  undoubtedly  include 
some  aarcoplasm. 

A  diflTiculty  apix'ir!.  here  which  may  be  explained       The 
application  of  the  Kcxan' trite  reagent  should,  it  may  lie  held 
convert  the  fresh  nu«  le  hbre  from  the  resting  to  the  con- 
tracted condition.     Thi.-,   undoubtedly   hapjK-ns  under  cer- 
fain  conditions  and  especially  when  the  reagent  does  not 
get  immediate  access  to  every  fibril  of  a  fibre.     When  the 
sarcolemma  eflfectively  inter,)o«,  as  a  barrier,  the  irritant 
action  of  the  reagent  long  prtredes  its  fixative  and  precipi- 
tant  actions,  and.  in  consequence,  the  fibrils  of  the  intact 
fibre  may  show  only  the  contracted  condition.     To  prevent 
this  It  IS  not  of  aiiy  service  to  keep  the  fibres  stretched  while 
the  reagent  is  applied  to  them.     Such  fibres  are  e  x  t  e  n  d  e  d 
fibr,^     not     relaxed      or    resting,   and    they  ai^ 
exactly  in  the  same  condition  as  those  of  a  muscle  which  is 
loaded  so  heavdy  that  it  can  give  no  contraction  at  all.  or 
only  the  slightest  possible  one.     In  this  case  the  fibres  have 
undergone  the  physical  and  physiological  changes  of  con- 
raction.  but  only   the  resultant  eflFect   of    thel-  changes, 
the  shortening,  has  not  been  allowed  to  appear.     One  must, 


Iherrfor*.  not  rpgcni  thr  fthrr  r«frn«J«J  while  undrnolnt 
fiMtiori  <t.  .numriiting  the  hbre  «.  It  i.  |n  ,he  phy.j.»l.«i,a|Iy 
relAMd  condition*  '        '^ 

.lV*!*  '"•'"'•."  »>««^;««ry  .0  exert i.c  vrry  grr«i  diicrimln*- 
tfc»n  in  atcepting.  a. iltu.trMiing  thr  "rrlaxed"  or  "rwtin." 
condirion  fihrr,  which  have  l,rrn  treat.-.!  under  any  cmji. 
tlon  with  the  hrxanitrite  reagent.  Ihi.  ha*  been  borne 
in  mtnd  by  the  .uth.,r  in  olwrvationii  on  th«  dl.tHbuiion 
01  t>ota»«ium  in  renting  and  iontracte.1  muMir  fibrils 

Now.  ofi  applying  the  tMbUThomiMm  prin.  i,,le  of  iurfacc 
condenMfion  &•  a  tc-it  tor  .liff,  ,rn.c.  .if  .urface  tension,  the 
d  .iributwn  of  |K,taii«iuni  a.  d..Krib«l  f.ir  the  resting  mu.ile 
fibrUs  of  insects  would  seem  to  indicate  that  in  the  doubly 
refractive   suUtance  the  greatest   surface  t.nsion  U  in  the 
lateral  walls  of  thr  sarcous  element,  in  consequence  of  which 
the  potassium  mIis  are  concentrated  on  the  other  surfaces  of 
the  sarcous  dement,  i.e..  on  the  bordcm  of  the  singly  r.fr.ic. 
«ve  discs.     This  conclusion  would  seem  to  Ik'  cnhrm.-.!  by 
ob«rvations  which  the  auih..r  (71)  nu.le  on  the  contracted 
rihnis  of  the  wing  muscles  ..f  a  Kavenger  Iwetle.     In  these 
the  p..fa»sium  was  four'i  unif..rmly  distributed  throughout 
each  doubly  rrfra.  tive  band,  which.  in»tca.l  of  l«ing  api.roxi- 
mate  y  cylindrical  in  .hap*-  as  in  the  ruling  fibril,  was  pro- 
vided  with  a  convexly  curved  lateral  wall,  and.  theref.>rc.  with 
a  smaller  surface  than  the  m.uw  of  the  sarn.us  element  has 
When  at  rest      This  contour  suggests  that  either  the  surface 
tension  on  the  two  end  surfaces  of  each  sarcous  elemcntlis 
increased,  or  that  the  surface  tension  on  its  lateral  wall  is 
decreased  to  an  amount  below  that  of  either  terminal  surface 
and   this  IS  followed  by  a  rtdistribution  of  the  potassium 
•alt  to  rcst.ire   the  equilibrium   thus  disturbed.     The  con- 
^uent  shortening  of  all  the  doubly  refractive  discs  in  the 
hbril  would  account  for  the  contraction  f)f  the  muscle. 

The  production  of  a  curvature  on  the  lateral  wall  of  the 
•arcous  clement  during  contraction  is  attested  by  many 
histological  observations,  particularly  on  insect  muscle 
hbniB  which  can  in  the  fresh  condition  be  readily  separated 
from  each  other,  and  in  which,  owing  to  the  thickness  of  the 
hbnls^and  the  lengths  of  their  sarcous  discs,  the  outline  of 
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the  sarcous  element  in  rest  and  during  contraction  can  be 
observed.  It  may  indeed  be  held,  without  undue  emphasis 
being  placed  on  the  known  facts,  tliat  the  thickening  of  muscle 
during  contraction  is  due  to  !ic  assumption  by  the  lateral 
walls  of  the  sarcous  elements  of  each  fibril  of  a  more  convex 
curvature. 

There  does  not,  therefore,  appear  any  reason  to  doubt  that 
the  sarcous  elements  change  in  shape  during  contraction,  and 
from  the  distribution  of  potassium  in  these  structures  during 
rest  and  as  well  as  in  contraction,  it  is  certain  that  differences 
of  surface  tension  are  a  factor  in  the  change  of  shape,  but  it 
IS  not  clear  whether  the  change  is  due  to  an  increase  of  sur- 
face  tension  on  the  terminal  faces  or  a  decrease  of  surface 
tension  on  the  lateral  walls  of  each  sarcous  element      The 
difficulty  of  deciding  this  is  intelligible.     If  a  drop  of  fluid 
suspended  in  space  and  unacted  on  by  gravity  were  of  itself 
to  assume  the  form  of  an  ellipsoid,  it  would  be  right'     nferred 
that  the  surface  having  the  least  curvature,  that  is.  the  side 
would  on  the  whole  be  under  greater  surface  tension  than 
the  surface  at  the  two  ends  of  the  ellipsoids  possess.     If 
further,  such  a  drop  were  for  a  moment  to  assume  a  mor« 
spherical  shape,  then  one  of  two  things  happened  •  either  the 
surface  tension  on  the  least  curved  surface  decreased  or  the 
surface  tension  on  the  most  convexly  curved  surface  increased 
but  which  of  the  two  really  occurred  could  only  be  determined 
when  certain  conditions  were  known.     In  the  sarcous  ele- 
ments the  conditions  are  all  unknown,  and  we  cannot,  conse- 
quently, be  certain  whether  the  factor  is  an  increase  or  a 
decrease  of  surface  tension,  although  certain  inferences  may 
be  drawn.     Bernstein  believes  that  the  factor  is  an  increase 
of  surface  tension  in  his  ellipsoids.     This  could  be  brought 
about  m  only  one  of  two  ways.     Either  there  must  bean 
escape  from  the  surface  layer  of  the  ellipsoids  of  a  substance 
or  substances  which  lower  its  surface  tension,  or  there  is  an 
electrical  double  layer  on  the  surface  of  each  ellipsoid  which 
lessens  the  surface  tension,  and  when  this  electrostatic  charge 
is  diminished  or  abolished  the  surface  tension  is  increased 

There  is  at  present  no  evidence  that  substances  escape 
from  the  surface  films  of  the  sarcous  elements,  nor  could 
such  an  escape  be  accounted  for  if  it  did  occur.  On  the  other 
hand,  we  do  not  know  that  an  electrical  double  layer  exists 
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at  the  surface  of  each  sarcous  element,  althouRh  it  is  not  im 
probable  that  such  may  normally  exis  ;  but  if  so  i  multT^' 
«ce.s.vcly  weak,  for  the  lateral  wall  of'a  ^Irco"'  dcm  n  i^ 
a  fibnl  ,s  under  greater  surface  tension  than  its  tmninaT 
wall^  the  surface  tension  of  which,  from  the  cha  act^r^  th' 
interfaces  at  these  points,  must  be  low.  To  maL  this 
explanatjon  eflfective,  one  would  rather  have  to  t^stulato  a 
double  electrical  layer  on  the  terminal  interfaccs^f    he  lar 

wans  decreases.  How  that  surface  tension  is  lowered  is  i 
question  which  can  be  answered  only  when  much  r^re  is 
known  of  the  nature  of  the  nerve  impulse  as  it  reaches  the 

Ztt'r  f  '"^  ^^  '^'  P""  P'^y^d  by  »he  energy  set  free 
in  the  combustion  process  in  the  doubly  refractive  discs      h 

Si7al^  ^''w  t''""'  P«'^"-tion.  the'forma  b  ,  of  an  elec 
tncal  double  layer,  as  a  result  of  the  arrival  of  the  nerJe 
impulse,  develops  on  the  surface  of  the  lateral  wall  and  as  a 
consequence  of  which  its  surface  tension  would  be  diminlhed 
The  dmiinution  must  be  small,  the  decrease  in  surTace  area 
produS  oZ^"':  ^°'-^^P°"dingly  small,  and.  therefore  the 
product  of  these  two  values,  the  surface  energy,  developed 
m  contraction  of  a  sarcous  element  of  a  fibril,  must  b^vSv 
minute  indeed.     When,  however,  it  is  recalled  that  a  sing^ 
fibnl  of  20  mm.  length  may  contain  thousands  of  such  sfr! 
ecus  elements,  and  that  there  may  be.  as  Bernstein  mimatS 
over  thirty  million  of  such  fibrils  in  a  square  clnt?meTre  of 

errlv""??  °'  """'!•  '^  '^  °''^''"-  thi  the  totalsur  ace 
energy  set  free  must  be  sufficient  to  account  fully  for  Se 
absolute  contractile  force  of  muscle 

bLst^n  n";  '"7^^"  °""  ""r  ^"PP«^'  d^"^^d  from  com- 
bustion of  certain  materials  in  the  doubly  refractive  discs 

ary  while  the  combustion  process  would  be  secondary  in  tiie 
order  of  time.  In  support  of  this  explanation  may  be  cited 
the  fact  that  the  current  of  action  in  muscle  precedes  Tn  time 
the  contraction    tself;  that  is,  the  electrical  respond,  "ftk' 

r^trSon  '^gt.' ^^-^  ^'^  -'  ---^^-^y  ^^^ 
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It  may,  however,  be  postulated,  on  the  other  hand,  that  the 
cheniiral  ihangis  ocriir  in  those  parts  of  the  doubly  refrac- 
tive disc  immediately  adjacent  to  the  singly  refractive  bands, 
and  as  a  result  the  tension  of  the  terminal  surfaces  is  increased, 
this  resulting  in  the  shortening  of  the  longitudinal  axis  of 
the  sarcous  element  and  the  displacement  laterally  of  its 
contents.  This  would  imply  that  the  energy  of  muscle 
contraction  comes  primarily  from  that  set  free  in  the  com- 
bustion process  and  not  indirectly  as  involved  in  the  former 
explanation. 

VVhatever  may  be  the  cause  of  the  alteration  in  surface 
tension  there  would  seem  to  be  no  question  of  the  latter. 
The  very  alteration  in  shape  of  the  doubly  refractive  disc 
makesitimperativetobelievethat  surface  tension  is  concerned. 
The  redistribution  of  the  potassium  which  takes  place,  as 
described,  in  the  contracting  fibrils  of  the  wing  muscles  of 
the  scavenger  beetle  can  be  explained  in  no  other  way  than 
through  the  alteration  of  surface  tension. 

In  smooth  muscle  fibre  a  different  structure  obtains,  al- 
though efforts  ha\e  not  been  wanting  to  show  that  there 
also  prevails  a  system  of  fibrils  and  striation  like  that  in  stri- 
ated fibre,  though  more  obscure  or  less  well  defined.  The 
evidence  for  the  existence  of  fibrils,  myofibrils  as  they  are 
called,  seems,  on  the  whole,  clear,  especially  from  the  re- 
sults of  C.  McGill's  (79)  observations,  but  it  is  not  so  cer- 
tain that  the  nodular  enlargements  occasionally  found  on 
these  represent  a  constant  or  characteristic  feature.  There 
is,  further,  not  a  united  voice  aljout  the  character  of  the 
contraction.  According  to  Heiderich  (46),  the  cross-sectional 
area  of  the  smooth  fibre  in  contraction  is  very  little,  if  at  all, 
greater  than  that  of  the  uncontracted  fibre.  Meigs  (82) 
also  arrived  at  this  conclusion,  for  he  found  that,  though  the 
contracted  fibres  have  shortened,  the  cross-sectional  area 
of  each  is  the  same,  and,  in  consequence,  infers  that  something 
in  the  form  of  a  fluid  has  passed  from  the  interior  of  the  fibre 
into  the  interstitial  spaces.  McGill,  on  the  other  hand, 
found  that  the  contraction  of  the  fibre  is  a  result  of  a  con- 
siderable increase  of  its  cross-sectional  area  which  sweeps 
as  a  wave  over  the  length  of  the  fibres  from  one  end  to  the 
other,  and  that  this  wave  only  rarely,  as  in  arterial  muscle, 
comprehends  the  whole  length  of  the  fibre.  Wherever  the 
contraction  wave  obtains  in  the  fibre  that  part  is  swollen,  its 
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cytoplasm  stains  much  more  deeply  than  that  of  the  rest  of 
the  fibre,  and  the  portions  of  the  myoHbrils  in  it  also  stain 
more  deeply  and  are  thicker.  Meigs  found  the  contracted 
part  stam  deeply,  but  Henneljcrg  (50)  claimed  that  they 
stain  less  than  the  uncontracted  portions  of  the  fibrils 

The  author's  own  observations  on  carefully  hardened  and 
stamed  preparations  of  the  smooth  muscle  fibre  in  the  mus- 
cularis  of  the  intestine  of  N  e  c  t  u  r  u  s  and  frog  agree 
in  the  main  with  those  of  McGill.  The  contraction  wave 
does  mvolve  a  thickening  of  the  fibre,  not  over  the  whole  of 
the  latter  ordmanly,  but  of  part  of  it.  and  in  this  thickened 
portion  the  cytoplasm  stains  much  more  deeply  than  does 
the  rest  of  the  fibre.  Further,  the  thickening,  which  may  in 
diameter  be  twice  that  of  the  relaxed  portion,  passed  grad- 
ually into  the  uncontracted  part  at  either  end.  There  may 
be  several  nodes  of  contraction  on  a  fibre  separated  by  long 
or  short  stretches  of  uncontracted  zones. 

In  the  cytoplasm  of  smooth  muscle  fibre  potassium  is 
present  only  in  the  faintest  traces,  and  microchemic. '  tests 
for  chlorides  and  phosphates  show  that  these  also  are  equally 
scanty  in  quantity;  consequently,   there  is  very  little  in- 
organic material  inside  the  membrane.     Outside  the  mem- 
branc  and  between  the  fibres  potassium  salts  are  very  abun- 
dant, as  the  use  of  the  -obalt  reagent  shows,  and  the  distri- 
bution IS  uniform  throughout  the  interstitial  spaces      The 
8alt  of  potassium  most  abundant  is  the  chloride,  for  appli- 
cation of  a  solution  of  silver  nitrate,  containing  nitric  acid 
to  the  teased-out,  fresh  material,  followed  by  exposure  of  the 
preparation  to  bright  sunlight,  gives  a  marked  "reduction" 
effect  everywhere  in  the  spaces  between  the  fibres.      The 
quantity  of  potassium  present  is  in  marked  contrast  with  that 
which    obtains   in    the    interstitial    spaces   in  other  tissues, 
e.g.,  in  those  between  nerve  fibres  in  a  thick  nerve.    Whether 
the  potassium  exists  at  all  in  the  membrane  of  the  smooth 
fibres  cannot  be  determined,  for,  although  the  cobalt  preci- 
pitate is  found  in  intimate  connection  with  the  membrane, 
the  latter  is  so  thin  that  no  certain  conclusion  can  bo  drawn 
on  the  matter. 

In  smooth  muscle  fibre,  then,  potassium  is  distributed 
very  differently  from  what  it  is  in  striated  fibre,  and  on  first 
thought  this  does  not  appear  to  offer  an  explanation  that  will 
place  the  contraction  of  smooth  muscle  fibre  in  line  with  that 
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of  striated  fibre,  but  a  closer  exainination  of  the  facts  re- 
veals otherwise.  The  extended,  fusiform  character  of  the 
fibre  indicates  that  surface  tension  is  greatest  on  the  longitu- 
dinal surface  and  least  on  the  ends.  If  the  tension  were  uni- 
form over  the  whole  surface  of  the  fibre,  the  latter  would 
tend  to  become  spherical.  A  diminution  of  the  tension 
on  the  longitudinal  surface,  or  an  increase  of  tension  towards 
and  at  the  ends  of  the  fibre,  would  have  the  same  effect.  A 
partial  diminution  of  the  tension  sweeping  as  a  wave  over  the 
whole  extent  of  the  fibre  wou!  I  account  for  the  thickening  of 
contraction  observed.  In  us  respect  smooth  muscle  is 
like  striated  muscle,  the  main  difference  being  that  in  striated 
fibre  the  structure  permits  a  much  more  rapid  transmission 
over  the  whole  surface  of  the  fibre,  of  the  alteration  in  surface 
tension. 

How  the  diminution  of  the  tension  is  brought  about  can 
only  be  a  matter  of  conjecture  at  present.  It  may  be  due 
to  a  contact  difTertnce  of  potential  developed  at  the  mem- 
brane-interstitial lymph  interface  through  the  arrival  there 
of  the  nerve  impulse  which  may  involve  an  electrical  dis- 
turbance. The  electrical  double  layer  developed  at  a  point 
on  the  membrane  would  not  be  restricted  there,  but  would 
sweep  over  the  whole  extent  of  the  surface  of  the  fibre,  and  as 
It  progressed  it  would  produce  a  diminution  of  tension. 

What  the  significance  of  the  condensation  of  potassium  in 
the  interstitial  spaces  of  smooth  muscle  fibre  is  cannot  be 
explained  at  present.  Analysis  of  the  sodium  and  potassium 
in  smooth  muscle  shows  that  the  latter  is  more  abundant 
than  the  former,  though  the  preponderance  is  not  as  great  as 
tt  is  in  striated  fibre.*  This  leads  one  to  conclude  that 
potassium  plays  some  part  in  the  function  of  contraction 

It  IS  of  special  interest  to  note  here  that  the  potassium  ions 
have  the  highest  ionic  mobility  (transport  number)  of  all 
the  elements  of  the  kationic  class,  except  hydrogen,  which 
are  found  to  occur  with  living  matter.  Its  value  in  this 
respect  is  half  again  as  great  as  that  of  sodium,  one-eighth 
greater  than  that  of  calcium  and  one-seventh  greater  than 
that  of  magnesium.  This  high  migration  velocity  of  the 
potassium  ions  indicates  that  they  possess  special  properties 
which  would  make  them  of  special  service  in  rapid  changes 

*  From  unpublished  d«tm  of  the  author. 
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of  surface  tension  in  the  case  of  striated  muscle  fibre,  as 
T      u    '"  'u^  t«;"dency  to  uniform  distribution  of  energy 
thmughout  the  volume  of  the  sarcous  clement 
That  a  solute.  e.R..  potassium  salt.  sul)jected  to  surface 

Tc   rJt"  '"  '.!^''""  ^''^'  '^'''  ^^Pr'^^^nted  in  a  sarcous 
disc,  may  be  rapidly,  even  instantaneously,  redistributed  in 
consequence  of  changes  in  surface  tension  follows  from  the 
observations  on  the  changes  of   tension   in  drops  „f  soap 
solution.     By   the  experiments  of  Lord  Rayleigh  (9,)  with 
vibrating  jets  of  such  a  solution  it  was  found  that  the  surface 
tension  of  the  jet  i/ioo  of  a  second  after  the  formation  of 
he  surface  was  near  that  of  pure  water,  while  Lenard  (64) 
by  experiments  with  vibrating  drops  whose  time  of  formation 
was  greater  than  1/4  of  a  second,  found  the  surface  tension 
?Ln  r?f  .'",""  °^  corresponding  strength   (i:iooo)  less 
tT,.      \l       "    P"'"  ^'^'^'  ^"^  '^'^^'  "^^^  ^he  stationary 
fht',t      '"'■^f  ^  '''"?'""  °^  ^  '"^P  «°'"tion.    Somewhere 
hen.m  the  case  of  soap,  m  time  between  i/i  00  of  a  second  and 
1/4  of  a  second  the  molecules  of  soap  have  been  redistributed 
so  as  to  adjust  the  energy  uniformly  throughout  the  drop, 
and,  therefore,  it  is  not  improbable  that  potassium  salts,  and 
especially   potassium  chloride,  which  occur   in    the   doubly 
refractive  bands  of  striated  fibre,  would  be.  as  a  result  of  an 
alteration  of  surface  tension  in  each  sarcous  element,  very 
rapidly  redistnbuted  throughout  the  latter,  .hough,  perhaps 
not  so  rapidly  as  the  soap  molecules  throughout  the  much 
larger  system  of  a  drop  or  vibrating  jet. 

It  is  however,  well  to  assume  that  potassium  ions  have 
other  functions  in  living  matter  than  the  equilibration  of 
energy  throughout  a  system.  Loew  (69)  has  specially  pointed 
out  that  potassium  in  the  condensation  processes.  "  the 
synthesis  of  organic  compounds  has  a  catalytic  value  /ery 
different  from  that  of  sodium.  For  example,  ethyl  alde- 
hyde is  condensed  with  potassium  salts  to  aldol.  with  sodium 
salts  to  crotonic  aldehyde  (Kopf  and  Michael).  Potassium 
is,  but  sodium  18  not,  effective  in  the  condensation  of  carbon 
monoxide.  xVhen  phenol  is  fused  with  potassium  salts  con- 
densation products  such  as  diphenol  are  produced,  but  when 
sodium  salts  are  used  the  products  are  dioxybenzol  and 
phloroglucin  (Barth).  Further,  the  activity  of  potassium 
contrasted  with  that  of  sodium  is  shown  in  its  behaviour  with 
pyrrol.     When  the  metal  is  brought  in  contact  with  pyrrol 
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it  combincH  with  the  laitir  at  onlinary  tinifxraturfs,  whereat 
Mxliiim  combines  with  pyrrol  only  at  vrry  high  ttinpcraturcs. 
It  is,  tfuToforc.  not  iniproi)ab!c  that  iM>tassiiim,  along  with 
those  properties  which  are  asHociated  with  its  ioni^  mobility, 
has  a  special  value  in  the  metalM)li.sm  of  the  doubly  refractive 
discs  of  striated  muscle  fibre  and  in  the  condensation  syn- 
theses which  iharacterize  the  chromatophors  of  Protophyta 
(Spyrogyro,    ZyRneina). 

(c)    IN    SKCRIiTIMi   AND    KXCRKTING   CKLLS. 

In  all  secrctiuK  and  excreting  cells  in  a  gland  constructed 
on  the  tubular  plan  there  must  l)e  at  least  three  different 
values  of  surface  tension.  On  the  outer  face,  that  is,  on  the 
cell-lymph  interface,  the  tension  must  be  difTcrent  from  that 
which  obtains  where  the  cell  wall  is  in  contact  with  the  other 
cells  of  the  tubul  ,  and  the  tension  on  the  cell-cell  interface 
must  be  difTcrent  from  that  which  obtains  on  surface  bor- 
dering the  lumen  of  the  tubule. 

This  general  conclusion,  founded  on  theoretical  consider- 
ations, has  l)een  fortified  by  direct  observations  on  the  dis- 
tribution of  potassium  salts  in  the  pancreas  and  kidney  of 
various  vertebrates. 

In  the  pancreas  of  the  rabbit  and  guinea-pig  the  author 
(71)  found  an  extraordinary  condensation  of  potassium  salt 
in  the  cytoplasm  oi  each  cell  adjacent  to  the  lumen  of  the 
tubule  and  extending  for  some  distance  from  this  part  along 
the  lateral  walls  of  the  cell.  During  all  the  phases  of  activity, 
except  possibly  that  of  the  so-called  "resting  stage  "of  the 
gland  cells,  the  potassium  salts  are  confined  to  these  sur- 
faces inside  the  cell.  These  results  were  obtained  in  pre- 
parations of  the  fresh  pancreas  which  had  been  teased  out  in 
the  cobalt  reagent  in  which  they  were  allowed  to  lie  for  some 
time,  then  washed  thoroughly  in  ice-cold  water  and  mounted 
in  a  mixture  of  glycerine  and  ammonium  sulphide. 

More  recent  investigations  have  confirmed  these  obser- 
vations. These  investigations  were  made  in  a  different  way. 
Fresh  pancreatic  material  was  cut  in  a  COj-freezing  micro- 
tome, and  the  thin  sections  were  allowed  to  fall,  while  still 
fro/en,  into  a  quantity  of  the  cobalt  reagent  where  they 
were  allowed  to  lie  for  some  time,  ten  minutes  or  so,  before 
they  were  wasiied  with  ice-cold  water  and  mounted  in  the 
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Rlycerine-sulphidf  niixtiir*'.  Surh  pnpnrajii)ns  gave  the 
distribiitinn  of  ix.tassium,  not  (jiily  irihitlf  tin-  alls  of  the 
pancreatic  tubults,  l.tii  .\Un  on  thdr  external  surfues. 

In  such  preparations  the  |M>tah>,iiini  wa»  found  distributed 
a«  de»crilx(l  in  the  case  of  the  teased-out  preparations,  tiiat 
is,  it  was  condenstd  in  the  cyto|)la^nl  on  the  lumen  lK)r(ler 
and  along  the  lateral  walls  of  the  <ell  even  as  far  as  the  ex- 
ternal surface  of  the  tubule;  but  one  additional  fact  was  re- 
vealed, viz.,  that  on  the  external  surface  of  each  tubule  there 
was  a  very  marked  condensation  of  |)otassium  salts.  Inside 
of  the  cells  on  the  external  surface  of  tlu-  tubule  no  jMJtassium 
was  found.  These  results  were  obtained  in  preparations  of 
the  dog,   rabbit,  guinea-pig,   cat.   frog   and    Nee  turns. 

During  the  last  session  (1911-12)  Dr.  R.  D.  Defries  under- 
took  to  reinvestigate  the  relation  of  pot;is>iiim  salts  to  se- 
cretion in  the  sali\ary  and  pancreatic  glands  and  in  the 
glands  of  lirunncr  in  the  cat,  dog,  guinea-pig  and  rabl/it. 
and  he  has  obtained  results*  in  all  tiiese  which  contirm  the 
findings  given  above.  In  thene  glands  when  in  activity, 
there  is,  in  the  cytoplasm  of  each  cell  immediately  adjacent 
to  the  lumen  of  the  secreting  tubule,  a  condensation  of 
potassium  salts  which  is  absent  during  "rest",  that  is,  wiiile 
the  cells  are  not  secreting.  In  the  submaxillary  glands 
this  condensation  may  be  quite  marked.  In  the  pancreatic 
cells  during  activity  the  condensation  frequently  extends 
along  the  lateral  walls,  and  this  is  the  case  also  in  lirunner's 
glands.  On  the  external  surface  of  the  tubules,  in  all  these 
glands,  there  is  more  or  less  condensation  of  potassium, 
which,  however,  may  \)c  considerably  reduced,  or  even 
occasionally  absent,  in  the  active  gland. 

1  hese  results  ntay  be  explained  only  in  one  way.  On  the 
Gibbs-Thonison  principle  there  must  be  inside  the  cell  a 
low  tension  on  the  cell-lumen  interface,  a  slightly  higher 
tension  on  the  cell-cell  interface  and  a  still  higher  tension  at 
the  external  surface.  What  this  involves  in  the  way  of  ex- 
plaining the  phenomena  of  secretion  in  the  pancreatic  cell 
cannot  be  discussed,  for,  beyond  the  formation  01  zymogen 
during  the  resting  condition  of  the  cell,  the  conversion  of  the 
zymogen  granules  into  dissolved  material,  a  part  of  which  is 
formed  to  enzymes,  and  the  transport  of  this  material  to  the 

•  These  results,  it  is  hoped,  will  be  published  shortly. 
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lumen  of  the  gland,  we  know  very  little,  and  ihe  procem* 
comprehended  in  all  the  .tagei  of  thi.  wcretory  activity  are 
exceedinKly  difficult  to  investigate.  Neverthelew.  the  low  ten- 
•ion  at  the  lumen  border  and  the  high  tenwon  at  the  baw  of 
he  cell  cannot  but  be  a  factor,  probably  a  very  important 
factor,  m  promotmg  all  that  activity;  in  other  words;  differ, 
ence*  in  turface  tension  of  a  cell  are  primarily  contributory 
to  Its  secretory  activity. 

What  part  the  potassium  salts  play  beyond  assisting  in 
equilibrating   the  energy   throughout    the  cell   is  also   un- 
known.    That  they  do  play  a  special  part  follows  from  the 
quantity  of  potassium  present.     Stoklasa  (loi)  found,  as  a 
result  of  analyses  of  the  dried  pancreas  of  the  pig.  that  it 
contained  2.08  per  cent,  of  potassium  and  0.28  per  cent  of 
•odium,  while  the  ;    o  elements  in  the  dried  material  of  ox 
muscle  are.  as  he  determined  them  by  analyses.  i.8a  and 
0.26  per  cent,  respectively.*    Some  of  the  potassium  of  the 
pancreas  must  belong  to  that  found  adsorbed  from  the  lymph 
on  the  external  surface  of  the  tubule,  but  this  cannot  be  great 
unless  we  suppose  that  sodium  salts  are  much  less  adsorbed 
a  supposition  for  which  we  can  as  yet  find  no  support 

tven  in  the  ash  of  the  saliva  potassium  exceeds  the  sodium, 
for  Hammerbacher  (45)  found  in  his  analyses  the  two  ele- 
ments to  be  respectively  37.4  and  7.0  percent.,  while  Jacobi 
(53)  obtained  in  two  senes  of  analyses  3569  and  35.88  per 
cent  for  potassium  and  21.61  and  32.91  per  cent,  for  sodium 
The  occurrence  of  a  surface  condensation  of  potassium 
outside  the  tubule  on  the  base  of  each  cell  i,  anindicatto^ 

of  the  ceil-lymph  interface  19  lower  than  it  is  on  the  surface 
of  a  connective  tissue  element  where  there  is  very  little 
adsorption  of  potassium.  If  potassium  salts  constitute  an 
important  factor  in  secretion  in  the  pancreas,  then  any  in- 
fluence  that  decreases  still  more  the  surface  tension  of  the 
lymph,  or.increases  the  surface  tension  at  the  base  of  each 
pancreatic  cell,  would  promote  a  greater  adsorption  there  of 
potassium  salts.  Have  we  in  this  increase  o 
surface  tension  an  explanation  of  the 
a^c^n   of    secretin,    or  of     the    effects    of 

•  StokUM  gave  the  values  in  K/)  and  Na,0. 
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•  timulation  of  t  he  v  ag  u  ■  ,  i  n 
ment*  of  Pavlov,  on  the 
cells? 

In  the  kidney  of  vertehratcs  the  part  playe<l  by  surface 
tension  is  much  more  striking  and  more  readily  explainable. 
Two  years  ago  the  author  (72)  described  tht-  results  of  an  in- 
vestigation which  he  carried  out  on  the  micrfxhfmical  Uxal- 
ization  of  the  potassium  in  the  renal  cells  of  the  frog.  In  this 
animal  under  ordinary  conditions  the  renal  cells  were  found 
to  be  active  in  the  elimination  of  potassium  sah.s  from  the 
blood,  and,  therefore,  it  was  not  poHsibIc  to  determine-  readily 
whether  differences  of  surface  tension  obtained  in  them. 
Under  certain  conditions,  however,  these  differences  were 
demonstrated  to  occur.  In  the  blood  of  frogs  kept  in  the 
laboratory  tanks  throughout  the  winter  season,  the  salts, 
because  of  the  long  period  of  inanition,  are  reduced  to  almost 
hypotonic  concentration,  and,  in  consequence,  the  amount  of 
potassium  in  their  renal  cells  is  greatly  reduced.  Into  the 
dorsal  lymph  sacs  of  some  winter  frogs  a  few  cubic  centi- 
metres of  a  decinormal  potassium  chloride  solution  was  in- 
jected, and  after  twenty  minutes  the  animals  were  killed  and 
the  kidneys  removed.  Sections  made  immediately  from 
these  with  the  COi-freezing  microtome,  dropped  while  frozen 
into  the  cobalt  reagent  for  a  few  minutes,  then  washed  care- 
fully in  ice-cold  water  and  mounted  in  a  mixture  of  glycerine 
and  ammonium  sulphide,  revealed  a  condensation  of  potas- 
sium immediately  adjacent  to  the  lumen  in  the  cytoplasm 
of  the  cells  of  certain  of  the  tubules.  In  such  cells  the  po- 
tassium of  the  potassium  chloride  injected  was  being  excreted, 
and  the  condensation  of  the  element  near  the  lumen  was 
regarded  as  evidence  that  the  surface  tension  was  less  there 
than  at  the  other  extremity  of  the  cell. 

Since  then  Mr.  C.  P.  Brown  has  carried  out  observations 
along  this  line  under  the  author's  supervision,  and  the  results 
he  has  obtained  corroborate,  on  the  whole,  the  views  advanced 
two  years  ago.*  He  employed  in  his  investigations  the 
kidney  of  the  frog,  Necturus,  cat,  dog,  rabbit  and  guinea- 
pig,  and  the  methods  which  he  used  were  those  employed 
earlier  by  ^he  author.  Care  was  taken  to  use  only  material 
fresh  from  the  normal  animal,  which  was  at  once  on  removal 

*  The  resulti  of  Mr.  Brown'i  investigations  are  in  the  course  of  publication. 
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minute,  rh..  n-a..,,,  for  ihi-  exert i«.  of  thi.  raiitlon  was  to 
prevent  the  retli.tribuiion  ..f  the  wh.  which  might  occur  ofi 
thawing  l^fore  the  rt agent  .xn.  .rated  the  Lue.  Th! 
•ectioni  were  on  renu.val  from  the  r.aKrnt  carefully  w..hed 
mix.'ur  Th  "r  "'"'  ■""""'^■^  '"  •'"•  Klyrrine-sulphicJe 
tnickncMof  lo^. 

tin'n".  T'h    '^^''^"■'''•""f  ^''•.  »^"«"  ^"und  striking  indira- 
tion.  of  the  Mirface  condensation  of  ,)ota««ium.     In  the  winter 

oZlTl'  'I  T'r  ^"""•'■."»-  ->n«l'n«a.i.,„  wa«   on  the 
ou  8ide  of    he     uludes  ami   in   the  cytoplasm  of  the  renal 

With  ;"'"'"<'^'^'y   r'^"""*    '"   '^'   '""'"   "^   'he    tubule 
With  the  exception  here  ami  there  of  a  slight  dc,K«*it  of  po- 
a»«ium  along  the  lateral  walU  of  the  cell«.  ,he  reM  of  the  ?y- 
ojfcr"'.  "•■    ";"'  ""  ''•."'^"''*-      '"  "involuted  tuhulen 
bu    the  n/"     '.'  T- '  ^'""•'rP'K-  "''""'»'•  »-"lt«  were  obtained, 
but  the  most  striking  evidence  <,f  surface  cndensation  wa« 
oWrved  in  the  kidney  of  the  .log.    In  this  animal  the  grea 
tnajonty  of  the  convoluted  tubule,  were  in   this  way  coS- 
tra.ted   with   the  other   tubule.,  which  only  rarely  show«| 
any  evidence  of  surface  condensation.      An   illuMmti-on  o 
the  way  in  which  the  convoluted   tubulen  develop  surface 
condeiisation   of   ,xitas8ium   in  ^en   in    Fig.    i<      Here   the 
potassium  .«  den^-ly  collected  on  the  out.side  of  the  tubuk- 
hat  IS.  on  the  cell-lymph  interface,  and  also  m<.re  6vn^; 
n  the  cytoplasm  m.,m-.l.ately  a.ljacent  to  the  lumen.     Soni 
times  a  portion  of  a  convolute.l  tubule  would  for  some  ex- 
tent of  us  length  give  no  evi.knce  of  condensati.reithcr 
withm  or  without.     Again,  on  the  external  surface  of  one 
or  more  cells  m  a  transverse  sc-ction  of  a  tubule,  there  wouW 
be  no  condensation,  but  in  such  cells  there  was  wanting  al^ 
frequently  a  condensation  at  the  lumen 

.oJh  T"''^''"7  "^  '^''^'  ^^^'^  ''  '""  far  to  seek.  The 
condensation  in  the  cytoplasm  next  to  the  lumen  of  the  t"! 
bu le  IS  an  indication  that  the  surface  tension  of  the  renal 
cells  IS  lowest  on  the  lx>rder  of  the  lumen.     In  this  c^.nden 

rnro.h  V  '"'''  "'"'^  participate,  and  perhaps.  aiso.Trea 
and  other  organic,  excretory  pnxiuc.s.  ail  of  which  would 
be  as  strikingly  demonstrated  as  are   the  potassium  salts. 


m^Zs^^^JLSt. 


MM;*iLVH     SutVM*  TtH»K>M  AND  VITAL   PmMOMBNA, 


hiul  we  drIUntr,  ntii  tim  hrniitai  rrurtiont  for  them.  Now, 
along  the  laxity  i>f  ihv  luiiu'tt  paMirit  the  ciitute  glomerular 
■rcrclion  with,  |iri>l>iil>l>,  a  high  nurfacc  tension,  pnd,  in 
conM'C|utn(c',  at  the  interr-ue  it  fom>»  with  the  turf  aces  of  the 
cells  o(  tht'  lulitih  a.  itH  xurfare  trnHion  i*  prohahly  higher  than 
that  of  the  tell  stirfiurs  Uirdering  the  lumen.  This  would 
involve  a  diffusion,  ihietly  from  the  constituents  of  the  sur- 
face '(indenitation  in  the  cytriplaAm,  into  the  glomerular 
secretion,  whit  h,  uh  it  (mmm's  dnwn  the  length  of  the  lumen, 
becomes  more  and  more  contTntrated  until,  hnally,  it  reaches 
those  parts  of  the  renal  tiiltuK-  in  whose  cells  there  it  no 
surface  condensation.  V\'hcthi-r  there  is  a  diffusion  of  the 
glomerular  M-cretiun  into  the  cfllit  iNMUM*»Ming  a  surface  con* 
densation  cannot  Ijc  detcm>ined,  but  it  is  likely  that  there  ia 
as  it  is  impossible  to  conceive  tiiut  diffusion  uf  the  talta  into 
the  lumen  could  otherv.  ise  take  place. 

If,  however,  this  liifTusion  into  the  cells  occurs,  it  would 
tend,  it  may  Ix'  sup(M)sed,  to  raise  the  surface  tension  of  the 
lumen  wall  of  the  cell,  and  then  the  surface  condensation 
would  disapiM-ar.  This  would,  <<n  the  explanation  given, 
involve  a  cessation  of  excretory  activity  on  that  part  of  the 
tubule. 

flow  the  low  tension  on  the  lumen  side  of  the  renal  cell  is 
maintained  cannot  Ix-  dciirmincd,  but  some  factors  in  this 
process  may  Ik;  suggested.  The  condensation  probably 
exceeds  the  value  given  in  (Wbbs'  e<|uation.  Indeed,  the 
fact  that  f)ractically  no  |K)ta>^sium  i.s  pres«'nt  in  the  cyto- 
plasm of  those  cells  in  which  thea*  is  a  marked  condensation 
of  potassium  next  to  the  lumen  is  strong  evidence  that  a 
much  greater  concentration  of  the  potassium  occurs  there 
than  the  equation  would  imply.  In  Lewis'  determinations 
the  potassium  adsorbed  on  the  surface  of  oil  drops  in  a  so- 
lution of  potassium  chlcmdc  was  thirty  times  the  amount 
calculated  from  Gibbs'  equation.  It  is  therefore  not  un- 
reasonable to  ouppose  that  adsorption  in  excess  of  the  cal- 
culated value  may  obtain  in  the  renal  cells.  This  excessive 
concentration  would,  as  explained,  lead  to  the  formation  of 
urine  of  high  concentration,  a  concentration  in  salts  and  meta- 
bolites ordinarily  far  in  excess  of  that  of  the  blood  plasma. 
Such  a  concentration  involves  expenditure  of  energy,  and  the 
energy  so  expended  is  surface  energy.    To  furnish  this  energy 
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r^e  .rn.K,„  on  I.,  luna-n  |K,r,|„  may  br  m.lnui„H  '    Thl?. 

wme  frcw  fh«  mmlmmun  of  nm.rrial  in  the  .rll      ()n  .hi. 
poin.  thrrp  arr  •..me  cleci«i%r  data      Kmm  ,uL  / 

ney.  in  a ,  .^.  during  ,liurr«..  at^rl^-d  . .  L  m,?  .f  ,h.  ,. 
.^.  .  .L!/*'*^1*'  ''"•y^«>"«««»»t«l  Irw  than  .  rxrctnr  of  .hi 

r^^'LTh"'" ""'  '""V'^''  -,xTimUu;r;o:y«' 

al)«,rl)«l  by  thete  organi  in  diurwia  much  exrrcdetj  iha.  «l 

oxygen  abwjrbrd  11  uird  up  in  the  oxidation  of  a  t.rotrid 
•nd  e.t.m.t,ng  the  energy  ex,K.nd.xl  i„  pnKlucing  thiS. 
of  the  concentration   tht-y  obtainwi    thev  r-il  ,.l^,«  .»   ? 
the  average  ..nly   t/220  of  the  energy  ^Uabv  \t    "" 
dauon    i.   repre^-ntH    by    the  concfntS"   'i'^u^ir 
That  the  ox.dat.on  ..  completed  there,  and  al«,  that  the  en 

But  why  the  large  amount  expended?     It  is  obvioi..  th., 

not  flowing  down  the  lumina  of  the  tubules,  the  differ  nee  in 
^rface  tension  in  the  cells  of  the  convoluted  tubu  esmust  l^ 
continuously  maintained,  and  that  what  this  means  in  th^ 
way  of  expenditure  of  energy  may  be  very  greaT 


What  port  in  ihU  mainlrn«nc«  of  diflrrrncr  in  •urfwrr 
Irntion  i*  pUynl  by  tht  pntaiMiium  prrwrnt  la  olMCure,  hut 
that  the  rlrmrnt  t|«.e.  pUy  a  part  i*  iwlirjiircJ  by  «hr  qu^ 
prrwnt  in  thr  kitlmy  Mr,  C.  I»,  Br.mn  hM  detr  .  . 
thr  c|udntiiin  „(  unUum  and  ptitMsium  in  thr  kklnry  e»f  the 
fnjg  to  br  o.lHS  ant)  o.i9i>5  per  ,*«{  rmpictivHy.  and  in  the 
kidntry  of  the  ''  g  thr  prrrrniagr*  wrrr  o  1777  and  0  2»53. 
Hcrr,  indrrd,  «  h*vc  a  hii(h  ctmcrni ration  of  potaaaium 
whiih  cannot  l»r  mplainni  by  AtipiXMing  that  organ*  aa 
anaiyml  coniainrd  a  large  quantity  of  bl««)d.  The  audium 
rould  Iw  a«Tounied  U,r  by  mip|>o«ini{  that  a  large  portion  of 
It  aa  chloride  ia  derived  from  the  lymph,  whit  h.  however,  ia 
poor  in  potaimium.  It  may  tie  thai  the  quantity  of  po- 
taMium  preaent  in  the  kidney  is  only  a  niK-tific  inatance  of  a 
general  fart,  namely,  that  in  all  living  matter  potaaaium  it 
more  abundant  than  Kxlium. 

In  apite  of  the  otmurity  that  affecta  a  number  of  poinu 
in  the  excretory  function  of  the  kidney,  there  are  the  facta 
deatrilietl.  which  indicate  what  arc  the  main  forcea  involved 
in  the  exerciae  of  that  excretory  function.  There  i  a . 
flratof  all,  the  condensation  on  the 
exterior  surface  of  the  convoluted 
tubules,  this  condensation  involving 
not  only  potassium  but  probably,  also, 
ail  the  other  solutes  of  the  blood  plasma 
and  lymph,  though  not  in  concentra- 
tions corresponding  to  those  obtaining 
111  the  latter  fluids.  The  concentration 
of  a  solute,  like  potassium  salt,  in  this 
condensation    layer    would    then    bear    no 
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association  of  such  a  condensation  with 
the     surface     of      the     renal      cells    would 


permit  the  latter    t 


o  receive    bydiffusion 


some  of  the  condensed  solutes.  Owing 
to  the  low  tension  on  the  lumen  surfaces 
of    the    cells     acting    through    the    Gibbs 


Thomson    law,     th 


e    solutes   absorbed    would 


be  swept  through  the  cell  to  the  surface 
of  low  tension  where  they  would  undergo 
surface    condensation.      This  condensation  may 
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far  cxriH-d  the  (onrtn.ration  on  the  Ivniph-.tH  intirfaro 
but  this  would  dqMtuI  on  the  rale  of  flow  down  the  tulnile 
and  on  extent  of  the  metalM.lii  pHnesses  in  the  eell  whi«  li 
bring  alxnit  the  differences  in  surfaie  tension. 

Diflmmes  in  surfa.r  tension  apinar  to  U-  a  factor  in  in- 
testmal  ahsorptmn  also.     The  facts  in  rcKanl  to  this  have 
not  been  spec.ally  investiRat.-tl.  but  enouuh  are  known   to 
make  out  a  prima  facie  case  in  su|)iH.rt  ..f  this  thesis.     In 
the    authors     observations     (70)     on     the    absorption    of 
iron    salts    in     the    intestine    of    the    Kninea-piR.    it    was 
found  not  infre«,uently  that  alter  "iKptonate"  of  iron  had 
been  administered  with    tiie  f.HKl   of   the    animal    the   iron 
deinonstrated  was  condenstd  at  the  basal  surfaces  of  the  epi- 
thehaJ  eel  s  of  the  villi.     When  als..  |H..assium  salts  are  U-L 
absorbed  by  these  cells  it  is  rare  i„  find  ,M.fassiu.n  in  the  cyto- 
plasm adjacent  to  their  free  bonlers,  althouKh  it  is  condenscnl 
along  the  cell-cell  interfaces  and  in  the  cytoplasm  next  to 
the  basa   surfaces  of  the  cell.     In  ihe  absorption  of  fats  the 
epithelial  ce  Is  of  the  intestine,  as  a  rule,  show  a  greater  con- 
densation of  fats  in  the  cytoplaMu  at  the  basal  ends  of  the 
cells  than  elsewhere  in  the  epithelium. 

These  facts  permit  us  to  suggtst   that  in   the  epithelial 
cells  of  the  intestine  the  highest  surfa.e  tension  is  on  the  free 
border  and  the  lowest  at  the  basal  ends  of  the  cells.     If  this 
Bhculd  ultimately  prove  correct,  th.n  the  process  of  absorption 
would  be  explained  by  the  application  of  the  (.ibbs-Thom- 
son  prmciple.     There  wouM   Ik.-  a  surface  condensjition  of 
solutes  in  the  intestinal  fluids  on  the  external  free  surface 
of  each  cell,  and  whatever  iliffusi-d  into  the  cells  would  be 
swept  through  their  cytoplasm  to  the  surface  of  low  tension 
on  the  basal  l>order  on  which  the  lymph  of  the  cell-lymph 
interface  has  a  surface  tension  which  is  probably  diffennf 
(higher?)  from  tha    of  the  basal  surface  of  the  cill 

If  tln.y'iewof  absorption  is  correct,  then  (here  is  no  funda- 
mental difference  Ixtween  absorption,  on  the  one  hand  and 
secretion  and  excretion.  ,m  the  other.  These  three  f.mc.ions 
would  then  U.  explained  as  due  to  the  .apaci.v  which  tl^ 
cells  concerned  have  of  maintaining  .lilferences  of  surface 
tension  on  their  two  actixe  c,-II  surfaces,  a.ui  while  these 
differences  would  be  maintained  the  ( ;ii,|.s-Th„ms.,n  prin- 
ciple would  continuously  operate. 
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Whin  a  rurv(>  is  ,  in  iIutc  <.<vi.r  thv  «.ll-kn..wn  |.luti<>m- 
»'na  of  (l.j;,mraiion  in  ilu-  dl.ns  on  thf  distal  sid.-  ,,f  tlu«  m,- 
tion.  On  tlu-  nnlral  .-id.-  (  han^rs  aiv  fmnul  ak.  in  ihr  »ihii-s 
nit  lluy  arc  <  Inilly  of  if,,-  nparatix.-  imh-.  11,,.  soft  col- 
loidal siiLslaniT  of  ,a.  h  axon  (lows  oiii,  as  it  w.r.-.  Ixyond 
the  rut  .nd.  and  this  inovnncnt.  coniparahU-  to  ilu-rxi.nsion 
nriovonu-nt  of  anurlHiid  orKanisnis,  rontinms.  .itluT  until 
the  outflouinn  material  iMilers  and  orcupi.-s  a  nei.rilemmal 
tu|H>  of  the  (hn.neraled  distal  strand  of  til.res.,>r.  failing  th  it 
achievenunt.  ultiniatily  the  nerve  all  from  whi(  h  the  eol- 
loidal  outflow  primarily  jmHeeds  itself  dcKenerates. 

The  whole  of  the  pr.Kess  involve.l  in  the  nueneration  of 
nene  hha-s siinnests strikinj;Iy  that  surface  tension  is  primarily 
involved.  Indeed,  the  development  in  the  first  place  of  the 
axon  fnmi  the  eml)ryonic  nerve  cell  is,  it  must  Ih>  inferre.l 
due  to  a  high  surface  tension  on  the  latter,  accompanied  In" 
a  low  tension  at  the  terminal  ,«.int  of  the  extending  axon 
1  he  fact  that  the  ax.m  is  niaintaii.d  throughout  the  life 
of  the  normal  n(  ••  cell  as  an  extenM<.n  of  the  cytoplasm 
of  the  alter  is  als  -n  indication  of  the  prevalence  of  a  con- 
stant ditli-reiice  iKtween  the  surface  tension  of  th«<  surface 
of  the  cclllxxly  and  that  of  tin  surface  of  the  ax«)n. 

That  this  is  not  wlK)lly  a-prioristic  is  shown  hy  the  results 
of  micnM-hemical  investigation  of  the  nerve  cell  and  nerve 
fibres.  The  author's  observations  published  seven  years  ago 
showed  that  poixssiiim  is  abundant  along  the  course  of  the 
axon  and  a|)paientiyon  its  exterior  surface,  while  it  is  present 
only  in  traces  in  the  nerve  cell  itself.  In  the  latter  chlorides 
are  present  only  in  traces,  and,  therefore,  sodium,  if  present. 
18  there  in  more  minute  quantities,  while  chlorides  are  abun- 
dant along  the  course  of  the  axon.  Macdonald  (76)  also 
found  innassuim  in  the  tunc  fibre,  and  his  observations  in 
the  mam  confirmed  the  author's.  He  held  that  the  ele- 
ment IS  m  a  "masked"  condition  in  the  axon,  and  that  it  is 
demonstrable  only  in  the  parts  of  the  iixon  which  have  umler- 
gone  injury.  The  potassium  set  free  difluses  from  an  in- 
jured point  into  the  adj.icent  |)ortions  of  the  nerve  fibre 
and  this  phenomenon  is  aa-omi)anie<l  by  an  electrical  phe- 
nomenon,   the   injury   current,   which,    traversing    the   fibre 
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polarizes  it  and  gives  rise  to  the  appearance  of  a  new  mas. 
of  potassium  solution,  accompanied  by  appearance  char- 
acteristic of  coagulation  at  the  cathodal  region 

ihe  author  has  more  recently  reinvestigatxl  the  question 

"ade"w'itrt'?0  ^^  ^*"="  ^  -^^^^ '"'  °^  »  ^-h  --^ 
made  with  the  CO,-freezmg  microtome  art  droprjed    while 

out  r"":  '" -^  '^'^'°^.^'^  "^''"*-  »"^  '««r  ^"^'51;  bring 
T.  .^  potassium  reaction,  the  latter  is  found  in  the  myelin 
•heath  and  between  the  axon  and  the  sheath  (Fig^'i) 

U  iote^  thItT.  ^*'^P°^»f»•"•?>  not  abundant,  but  it  must 
tMB  noted  that  the  section  itself  is  only  about  lOu  thick  and 
hat  the  extent  of  the  axon  included  is  only  a  littfe  moretS^ 
the  diameter  of  mammalian  red  blood  corpuscle.  That  in 
nerve  fibres  teased  out  in  the  cobalt  reagent  the  quantity  of 
potassium  demonstrated  at  any  point  should  appear  more 
^^t'^T  T°*  '"?"''"i'  ^°'  '^'  "^^"t  only  Kly  Z7- 
«m?nf  H •-?'■' *'  '^'^  "°^*^'  °^  ^^"^''^^'  ^d  this  cauisa,r. 
rents  of  diffusion  to  set  up  within  the  medullary  rfieath 

Zt  "^^  '"""i'  that  inequalities  in  the  distributio7ofTtiL' 
Bium  a  ong  the  surface  of  the  axon  occur.     This  mavlead 

rXn^  T*^'  ^^  '^^"''''  '[  ^"''  '"'^^  °^  production  is  not 
recognized,  may  give  confused  ideas  regarding  the  distri- 
bution and  amount  of  potassium  along  the  coursi  of  an  aJcS 
1  he  quantities  of  varying  magnitude  of  the  potassium  in- 
volved. If  umfom,ly  distributed  along  the  fibS^  wod^not 

m-TnL?  "  ^"'r'^l'"  "  '^*  potassium  revealed  in  the 
lo^Iength  pieces  of  the  axons  in  the  cross  sections  of  the 
nerve  made  with  the  freezing  method 

thJ^^  "^'^  '^'"*  *°  "°*^'  however,  in  these  sections,  as  in 
ihfn,^      "^Pli^P^'^^'""'-  ''  *^  occurrence  of  the  potas- 
sium salts,  as  indicated,  between  the  medullary  sheath  and 
the  axon.     As  Macdonald  has  pointed  out.X  Vr^v^ 
diameters  of   the  axons  in   these   preparations   are   ne^ 
always  less  than  those  of  the  fresh  fibres,  and.  consequeX 
the  free  space  between  the  medulla  and  the  axon  shown  in 
the  cobalt  preparations  is  an  artefact.     One  must  ronclude 
in   consequence,  that   the   potassium  revealed  in  this   free 
space  must  have  been  derived   from   the  shrunken   axon, 
whether  from  its  surface  or  from  immediately  inside  iti^ 
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f^om  Th«'  '*""•  \""'T  ^i"^''  °^  ^•■"'"  ^^^^  "'«'-«^  central  as  well  a. 

Macdonald's  view  that  the  potassium  in  nerve  fibre  in 

elements  are  known  to  enter  into  the  "  maskt-d  "  rnnH?" 
m  certain  of  their  organic  compounds      Potass  un^  rw"er" 
when  ,t  d.splac.         Irogen  in  aValkyl  or  aXZ'  is  qufckTv 
^:    AnZu.       rPou"dji.en  the  laJTerls  "tiirte'd '^^  h' 
whch  at  nn!      *"^"'"  °^  '^i'  •'  ^^"  •"  potassium  pyrrol 

waS     The  J'T*^""'  '"^""  ^^°"«^^  '"^°  contacfwhh 
water.     The  cobalt  reagent  containing  a  stronn  concentre 

•on  of  mtrous  acid  cannot  be  less  eLtiverthTs  ZSi 

than  water  and.  consequendy,  any  organic  comt^uSs^ 

potas8.^:m  m  the  axon  would  be  readily  reveXd^    m'.^ 

over,  tiie  prevalence  of  haloid  chlorine  in'^consTderable  ^bun* 

dance  m  the  axon,  as  revealed  by  treatment  of  ner^e  fibre 

S  exl7Jre""t"  brSht  '""f-  ^''T  °^  """^  -•^'  "°"-5 
«L!  L^."    •      I     ^''^  sunlight,  shows  that  there  must  be 

^und^ndT^vT"*  P*"?^"'  ^°  ^°""  the  chloride  com! 

n"4ried.t7didor "  ^"^'"'"'  ""^^  °^  '^ — »- 

That  potassium  is  specially  abundant  in  the  axons  of 
nervre  fibres  seems  to  be  suggested  by  the  analyses  oTS^ock 
and  Lynch  (i).  who  have  found  that  in  meduHatedT^e 
fibr^  the  percentage  of  potassium  is  0.284.  while  in  connS 

that  m  the  ^ons  it  cannot  exceed  i.i;  while  the  chlorine 
cannot  exceed  0.722.  It  would,  therefore,  appear  tha"  a 
large  part  of  the  potassium  in  nerve  fibre  i^  combined  with 
some  other  anion  than  chlorine.  comomea  with 

taiium"nf  fK*"^""  °^'"0'"^"t  at  present  whether  the  po- 
tassmm  of  the  axons  of  nerve  fibres  is  immediately  insSe 
i??-K  fT.°^  the  axons,  as  the  author  holds,  or  unifSy 
distributed  throughout  the  substances  of  the  kxon  a"  S 
donaid  claims.  The  point  of  special  importance  to  note  • 
that  potassium  is  specially  abundant  in  nerve  fibres     Thb 
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is  emphasized  not  only  by  Alcock  and  Lynch's  determina- 
tions, but  also  by  those  of  Gcoghegan  (41)  and  Mr.  Allman 
Fietclicr.  In  Geoghegan's  analyses  the  potassium  in  the 
human  brain  exceeded  the  sodium  by  fifty  per  cent,  at  least, 
and  in  one  case  by  nearly  one  hundred  per  cent.  Mr.  Fletcher 
found  that  in  the  cerebrum  of  the  sheep  the  potassium  is 
0.331  per  cent,  and  in  proportion  to  the  sodium  as  100  is  to 
57.4.*  It  is  thus  evident  that  in  nervous  tissue  potassium 
far  exceeds  s(xlium  in  amount. 

Potassium,  abundant  though  it  apparently  is  along  the 
course  of  the  axon,  does  not  occur  inside  the  nerve  ceils 
themselves,  or  if  it  does  occur  in  tliem,  it  is  only  in  quantities 
so  minute  as  to  be  beyond  the  capacity  of  the  cobalt  reagent  to 
demonstrate  it.  Hence,  the  potassium  shown  to  lie  so  large 
in  amount  in  the  cerebrum  must  be  present  chiefly  in  nerve 
fibres  and  in  structure  outside  the  nerve  cells  themselves. 
That  the  amount  extern  i!  to  the  nerve  cells  is  great  is  shown 
by  treating  frozen  sections  of  fresh  ganglia,  preferably  the 
Gasserian,  appropriately  with  the  cobalt  reagent  to  demon- 
strate the  potassium  present.  In  such  preparations  there  is 
lound  a  very  considerable  condensation  of  the  element  on 
the  surface  of  each  nerve  cell.  This  indicates  that  the  sur- 
face tension  of  the  lymph  at  the  lymph-nerve  cell  interface 
is  low,  and,  in  consequence,  other  solutes  than  potassium  salts 
are  condensed  there  also,  but  Geoghegan's  and  Fletcher's 
determinations  Aould  seem  to  suggest  that  perhaps  potas- 
sium is  more  abundant  than  sodium  in  that  condensation. 

Now,  the  condensation  of  potassium  on  the  surface  of  the 
body  of  a  nerve  cell,  the  absence  of  potassium  in  its  cytoplasm, 
and  the  occurrence  of  potassium  salts  in  apparendy  a  very 
considerable  concentration  along  the  course  of  the  axon, 
whether  within  its  medulla-axon  interface  or  distributed! 
as  Macdonald  holds,  uniformly  throughout  the  axon,  is 
extremely  significant.  It  is  the  effect  of  the 
action,  in  nerve  cells  and  their  prolon- 
gations, of  the  G  i  bbs-Thomson  principle 
of  surface  condensation  due  to  differ- 
ences of  surface  tension  on  the  surfaces 
of    the    nerve   cell    and    of    its    axon.      We  have 

„*'^'^.  determinations  were   made   in   the   Biochemical    Uboratory  of  the 
Univeruty  of  Toronto.    The  rc»ult»  will  be  published  shortly. 
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here,  therefore,  a  confirmation  of  the  generalization  ad- 
vanced aliove.  that  the  permanent  maintenance  by  the  nerve 
cell  of  an  axon  is  due  to  the  maintenance  of  a  difference 
in  surface  tension  between  the  body  uf  the  nerve  cell,  on  the 
one  hand,  and  the  axon,  on  the  other.  Just  as  the  soft  col- 
loidal substance  of  the  axon  in  the  regenerating  nerve  fibre 
Hows  out  of  and  Ijeyond  the  cut  end  of  the  latter,  because 
of  this  difference  of  surface  tension,  so  any  potassium  salt 
that  may  l)c  absorbed  by  .he  cell  l)ody  from  the  potassium 
salts  condens<d  on  its  surface  is  swept,  through  the  action 
of  the  f.ibbs-Thomson  principle,  into  the  region  where  the 
lowest  tension  prevails,  that  is,  into  the  axon,  even  to  its 
extreme  end. 

It  is  this  which  makes  intelligible  why  the  nerve  cell  is 
free  from  {wtassium.  Otherwise  it  would  have  to  l)e  sup- 
posed that  the  surface  of  the  nerve  cell  is  imi)ermeable  to 
potassium  salts,  while  the  surface  of  the  axon  is  permeable. 
If  this  were  the  correct  explanation,  it  would  indeed  be  dif- 
ficult to  understand  how  the  potassium  could  get  through 
the  medullary  sheath  to  the  axon  in  such  a  quantity  as  has 
been  demonstrated  to  i)e  present  there,  as  it  is  only  very 
slightly  conden.sed  on  the  neurilemma-lymph  interface  of  the 
ner\'e  fibre.  The  condensation  of  potassium 
salts  in  the  axon  is,  then,  the  effect  of 
the  constant  action  in  the  nerve  cell  of 
the   G  i  b  bs  -  T  h  o  m  son    principle. 

The  conclusions  that  follow  from  this  are  of  special  interest. 
We  know  that  electrical  polarization  of  ever  so  slight  a  char- 
acter occurring  at  a  point  on  the  surface  of  a  drop  of  mercury, 
water,  or  some  other  fiuid,  lowers  correspondingly  the  sur- 
face tension  at  that  point,  and  if  solutes  are  nresent  in  the  drop, 
these,  in  consequence  of  the  alteration  of  ..face  tension,  are 
redistributed  so  rapidly  that  a  conditioi  of  complete 
equilibrium  may  be  attained  in  less  than  a  small  fraction  of 
a  second.  Lenard  1:64),  it  may  be  pointed  out  once  more, 
found  in  drops  of  soap  solution  (1:1000)  1/4  of  a  second 
after  ihey  were  formed  that  the  tension  had  a  value 
of  less  than  half  that  of  pure  water  and  rather  near  the  sta- 
tionary value  of  such  a  soap  solution,  while  Lord  Rayleigh 
(91)  found  that  in  vibrating  jets  the  surface  tension  of  a  so- 
lution of  soap  of  like  concentration  i/ioo  of  a  second  after 
the  formation  of  the  surface,  was  found  to  be  near  that  of 
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purr  water.  Tlii«  makes  it  tvident  that  tin-  ilistrihuti.m  of 
solutes  IS  rapidly  affected  by  changes  in  surface  tension 
In  a  ner\'e  cell,  which  may  be  considered  to  la-  of  a  senii-viscic! 
•emi-fluid  character,  any  temporary  alteration  of  surface 
tension  ever  so  slight  will  instantaneously  and  correstH.nd- 
ingly  affect  the  distribution  of  the  salts  comlenscd  along  the 
course  of  the  axon.  If  the  alteration  of  surface  tension 
exists  for  ()nly  a  minute  fraction,  e.g..  l/ioo  of  a  second,  the 
redistribution  ..f  the  .salts  in  the  axon,  though  initiated,  would 
involve  only  an  infinitesimal  amount  of  shifting  along  the 
axon,  but  an  imm -diate  replacement  would  .xcur  on  the 
re-establishment.  in  the  next  i/ioo  of  a  second,  of  the  pre- 
vious value  of  the  surface  tension. 

Now  each  alteration,  however  slight,  in  the  distribution  of 
such  salts  would  be  a  progressive  one  along  the  course  of  the 
axon,  and  as  the  redistribution  must  begin  at  the  central  end 
ol  the  axon,  it  would  initiate  there  a  change  of  electrical  po- 
tential  which  would  be  transmitted,  with  the  displacement  of 
the  potassium  ions  at  each  point  in  succession,  along  the  axon 
to  Its  termination.  This  change  of  electrical  potential  as 
It  progresses  along  the  axons  would  constitute  the  current 
of  action,  and  it  would  occur  as  often  as  a  change  of  tension 
could  occur  on  the  surface  of  the  nerve  cell. 

What  a  nerve  impulse  fundamentally  involves  in  the  axon 
J8  not  yet  fully  known,  but  it  is  always  accompanied  by  if 
not  constituted  of.  the  change  of  electrical  potential  which 
18  known  as  the  nerve  current  of  action,  and  which  is  as  rap- 
idly transmitted  as  is  the  nerve  impulse  itself.      I  t    m  a  y 
in     the   final   analysis,    be   found    that   the 
current  of  action  itself  constitutes    t  he 
essential    part    of    the    nerve    impulse.     As 
postulated  in  the  discussion  on  the  effect  of  surface  tension 
in  niuscle  fibrils,  the  arrival  at  the  surface  of  a  sarcous  disc 
ol  this  current  of  action  would  bring  alx>ut  there  electrical 
polarization  and  thus  alter  the  surface  tension  of  the  disc 
deveopmg.   in   consequence,   contraction   or   shortening   of 
the  disc.     Here  the  current  of  action  would  perform  all  the 
functions  that  a  "nerve  impulse"  is  supposed   to  perform. 
i>o   in  the  nervous  system  the  transmission 
ol   a  nerve  impulse   from   one    part   to    an- 
other could    be   effected    through    the   change 
of       electrical       potential       transmitted 
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•  longan   axon   through    its  .ynaptic    ter- 
minaU    to    the    surface    of    another    nc.ve 
cell,    to    produce    there    a    contact    differ- 
ence of   potential   and    thus   alter   its   sur- 
face    tension.      The      axon     of     this     nerve 
cell   would   thus  experience  a   momentary 
andslightshifting   in   position   of   its   po- 
tassium   salts,  and   in   it   would    thus  arise 
a   corresponding   current   of   action    which 
would    proceed    along     the    course    of    the 
a  X  o  n    t  o    Its    t  e  rm  i  n  a  t  i  o  n.     wh  c  t  h  e  r    in    the 
immediate    vicinity    of    another    nerve    cell 
or   in   a   gland,  or   in    a   motor  structure.    The 
arrival    of    the  current  of   action    at   any   one 
ol     these     terminal     points     would     affect 
the  surface   tension   there,  and   call   forth 
ellccts     commensurate     with     the     result- 
ing change  in  surface   tension. 

That  the  nerve  impulse  is  nothing  more  than  the  current 
of  action  would  apjjcar  to  follow  from  what  we  know  of  the 
ettect  of  stimulation  of  a  cut  nerve,  e.g..  the  ischiadic  in  the 
frog.     Here  the  axon  is  cut  off  from  the  nerve  cell  itself  and 
in  consequence,  the  surface  tension  of  the  axon  must,  for  a  time' 
remain  practically  uniform  if  t*  -.■  physical  conditions  about 
the  cut  end  are  not  immediately  altered.    If  now  electrodes  are 
applied  and  a  slight  electric  shock  administered,  the  surface 
tension  m  the  region  immediately  affected  by  the  current  should 
be  lowered  and  thereshouldresultaslightshiftingof  potassium 
salts,  which  should  sweep  in  a  wave-like  fashion  over  the  axon 
to  Its  terminals,  producing  the  current  of  action  and  causing 
contraction  of  the  muscles  supplied  by  the  nerve.     The  ai^ 
plication  of  chemicals  or  of  heat  gives  rise  to  a  current  of 
action,  and  the  muscle  contracts.    This  also  may  be  explained 
by  the  effect  that  these  agents  have  on  the  surface  tension 
at   the  point   where   they   are  applied.     Suddenly  effected 
deformations  of  the  axons  would  also  alter  surface  tension 
and  one  may  thus  account  for  the  nerve  impulses  generated 
by  pinching  or  striking  a  nerve. 

When  a  constant  current,  instead  of  an  interrupted  one 
IS  used  the  shifting  of  the  potassium  salts  to  re-establish 
equilibrium  disturbed  by  the  alteration  in  surface  tension 
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•hould  devrlop  rapidly,  if  not  immrtiialcly.  after  the  tlc«urc 
of  the  circuit,  and  thereafter,  k,  long  ai.  the  crrent  jwu^e-.  no 
lurthcr  current  of  action  would  be  produ<-cd;  but  when  the 
circuit  iH  opened  then  the  surface  tension  of  the  part  of  the 
nerve  in  the  circuit  would  tend  to  return  to  its  original  value, 
the  molecules  of  the  potassium  salts  would  tend  to  shift  back 
to  their  former  position,  a  current  of  action,  simple  or  com- 
posite in  character,  would  arise,  and  the  muscle  would 
contract  once,  or,  as  in  Rittcr's  opening  tetanus,  several 
times. 

It  is  not  necessary  to  elaborate  this  view  exfenHively.  ft 
suffices,  perhaps,  to  say  that  alterations  of  surface  tension  in 
nerve  structures  account  also  fur  the  phenomena  of  electro- 
tonus,  the  velocity  of  the  nerve  impulse  and  the  eflecu  of 
heat  and  cold,  but,  above  all,  we  can  thus  ex- 
plain anaesthesia  and  narcotism.  Chlor- 
oform, ether,  alcohol  and  chloral  lower 
surfacetension  in  aqueous  solutions,  in 
blood  p  asma  and  lymph,  and,  in  all  proba- 
bility  also,  the  surface  tension  of  all  cells 
butespecially  of  the  nerve  cells.  This 
would  make  them  incapable  of  receiving  or  transmitting  a 
nerve  impulse  whether  of  a  motor  or  of  a  sensory  char- 
acter. 

Sensation,  then,  is  fundamentally  and  primarily  a  result  of 
alteration  of  surface  tension  in  nerve  cells  and  their  processes. 
Whether  all  the  psychic  functions  may  be  due  to  the  play  of 
the  force  of  siirface  tension  in  the  nervous  system  is  a  more 
difficult  question.  Memory  may  arise  from  the  adjustment 
of  the  surface  tensions  of  the  cells  in  the  association  and  other 
centres  of  the  cerebral  cortex,  but  one  must  not  leave  out  of 
account  the  thermodynamic  and  chemodynamic  forces,  and, 
before  all  else,  the  probably  enormous  intrinsic  pressure  in 
the  intenor  of  the  nerve  cells. 

These  forces  must  play  their  parts  in  the  psychic  processes. 
Ihey  cannot,  however,  be  supreme,  for.  as  pointed  out  in 
section  II  in  the  foregoing  pages,  surface  tension  controls 
the  distribution  of  the  solutes  in  a  fluid,  and  the  distribution 
of  the  solutes  mfluences  also  its  thermodynamic  and  chemo- 
dynamic forces.     Tlirefore,  in   a  nerve   cell    the 
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thermodynamic  and  chemo dynamic  pro- 
cesBci  and  the  intrinsic  pressure  may 
reasonal)ly  be  supposed  to  be  subordinate 
to  the  force  of  surface  tension  through 
which  the  body  of  the  nerve  cell  can  con- 
trol the  physical  and  chemical  properties 
of  even  the  most  distant  extremities  of 
its  own  extensions,  whether  they  are 
dendrites    or    axons. 
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VI. — Explanation  or  Figurks. 

Note.— In  all  the  Figures  the  distribution  of  potassium, 
$»  revealed  by  the  cobalt  hexanitritr  method,  is  represented 
in  black  shading. 

Cell  of  S  p  i  r  o  g  y  r  a  s  p.,  showing  condensation 
of  potassium  on  the  chromatophor.  x  500. 

Two  threads  of  S  p  i  r  o  g  y  r  a  s  p.  in  conjugation 
with  surface  condensation  of  potassium  at  the  tip* 
of  the  outgrowths  developed  to  pnxluce  zygo- 
spores, y^  ^50 

A  thread  of  Pleurocarpus  sp.  preparing  for 
conjugation.  At  the  elbow  of  the  cell  where  the 
conjugation  with  another  cell  is  to  occur  the 
potassium  is  densely  concentrated.  X  560. 

Conjugation  inMe8ocarpuB(?)sp.      x  560. 

Ulothrix    sp.  X  soo. 

Confervoid  accompanying  fresh  cultures  of  Z  y  g  - 
n  e  m  a  .  showing  condensation  of  potassium  espe- 
cially at  ends  of  cell.  x  500. 

Germinating  Spores  ofEquisetum  arvense. 
a,  earlier;  b,  later  stage.  x  250! 

Cell   from   the  mesophyllous  layer  of   the  Easter 

^•'y-  X  680. 

Showing  "guard  cells"  of  a  stoma  of  Tulipa  sp. 

X    1000. 
Spermatid  from  guinea-pig,  showing  potassium  con- 
densed at  the  point  of  the  cell  where  the  tail  of  the 
spermatozoon  is  to  develop.  x  800. 

Fig.  11.  Wing    muscle    of    yEschna.     Drawn    by    Miss 
M.  L.  Menten.  y   ,00^^ 

Fig.  I  a.  Wing  muscle  fibres  from  scavenger  beetle,  showing 
diflFerence  in  the  distribution  of  potassium  in  the 
anisotropic  substance,  a,  uncontracted,  b  con- 
tracted. X  1380. 
Fig.  13.  Smooth  muscle  fibres,  frog's  bladder.  The  potas- 
sium is  distributed  between  the  fibres,  a,  a 
superficial  view  of  a  portion  of  a  fibre.  x  680. 
Fig.  14.  Cross  section  of  an  acinus  of  the  pancreas  of  a 
guinea-pig,  showing  surface  condensation  of  potas- 
sium on  the  lumen  border  of  the  cells,      x   1380. 
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P%.  15.  CroM  section  of  convoluted  renal  tube  in  dog, 
•howing  surface  condensation  outside  the  tubules 
and  on  the  wall  of  each  renal  cell  adjacent  to  the 
lumen.  y  gnn 

Fig.  16.  CroM  section  of  renal  tubule  in  dog.  showing  con- 
densation of  potaiaium  on  the  lumen  surface  of 
each  cell  while  certain  portions  of  the  external 
surface  of  the  tubule  are  free  from  any  conden- 

_,  "t^-  X  800. 

Fig.  17.  Nerve  fibre,  ischiadic,  trog,  showing  potassium  on 
the  surface  of  the  axon  in  the  neighbourhood  of  a 
node  of  Ranvier.  ^  ^^_ 

Fig.  18.  Crosi  sections  of  nerve  fibres  in  Gasserian  ganglion 
of  dog,  showing  potassium  in  the  medullary 
riieaths  and  on  the  surface  of  the  axon.       x  800. 

Fig.  19.  A  nerve  cell  from  CrfMerian  ganglion  of  dog,  showing 
surface  condenaation  of  potassium.  x  800. 


-jj^'-j^n'^:'  '^ 


W9:  ,  V         W 

•   «r... *   Im'' 


University  or  Toronto  Sti;dii:s 


r«!a 


8 


^^^WliV 


1'   »,« 


I:  ■-* 


%♦ 


/V5 


f'l^b 


^s^^jt^ 


' 


..mtk^^  « 


•\  lit 


'f,r 


'% 

"'>> 


^•lM»»«aa».«i> 


MICiOCOfY   tISOlUTION   TBI   CMA»T 

(ANSI  and  ISO  TEST  CHART  No    2l 


^  -APPLIED    IfVMGE  Jnc 

^^^  '55i    East    Ua,r   Si'Ml 

S*^  Wocheatef,    N«a    irori.  U6C9       uSA 

,^g  ("6.1    *«2  -  03O0  '  Phon« 

^S  ("*)   ?M  -  5989  -  Fo. 


ini\i:ksitv  ok  Toronto  sti'diks 


No. 

No. 

No. 
No. 
No. 

No. 
No. 

No. 


PUVSIOLOI.II  AL    SkKIES 

I  :  The  structure,  micro-chemistrj  and  development  of 
nerve-cells,  with  special  reference  to  their  nuclein  com- 
pounds,  by   F.    H.    Si  on So.  -o 

-•  :  On  the  cytology  of  non-nucleated  u.tfanisms,  by  Pro- 
fessor .\.  B.  Maiallim    „  .. 

j:  Observations  on  blood  pressure,  by  R.   D.   Ri  doi.f    .  ,    0.75 

4  :   The  chemistry  of  wheat  gluten,  by  G.  G.    Nasmith.  .  .    0.50 

5  :  The  palaeochemistry  of  the  ocean,  by  Professor  A.  B 

Mai  ALLL  .M 


0.25 


0:  The  absorption  of  fat  in  the  intestine,  by  G.  E.  Wilson  0.50 

7  :  The  distributio.i  of  fat,  chlorides,  phosphates,  potassium 
and  iron  m  striated  muscle,  by  Maid  L.  Mf.nte\  0.2- 

H  :   Surface  tension  and  vital  phenomena,  by  Professor  A    B 
Mai ALLtM      .  _ 


'\-: 


fc^"'     if]''  I      ' 


1,..'  ,'.'"'  •  !■  ,  .. 


%^^l 


"  ill 


•  «  ■  r, ,,  '■  .». 


».^~'<Vi.< 


